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C O E ~ B U T I O N  TO THE WLYSIS OF LIGHT ETZMENTS U S I N G  
X-FLUORESCENCE EXCITED BY RADIOEUXENTS 

And& Fiobert 

I n  order t o  study the  poss ib i l i t i e s  of using radioactive 

sources for t h e  IC-fluorescence analysis of l i g h t  elements, 

t h e  pr inc ip le  is given, a f t e r  a brief  description of X-fluo- 

rescecce, of the  excitation o f  this phenomenon by X, 8 ,  and 

a emission from radioefments. The operation and use of t he  

Froportional gas counter f o r  X-ray detection is described. 

ce has been studied for analyzing the  elements of the  

3rd periods of t h e  Mendeleev tab le ,  It makes it 

possible t o  exc i te  the fluorescence with a radioactive 

source mii t t ing X-rays or a par t i c l e s ;  t h e  X-ray fluores- 

cence penetrates i n t o  a wir,dowless proportional counter, 

this being made possible by t h e  use of t h e  auxiliary elec- 

t r i c  f i e l d  in t h e  rieighborhood of t h e  sample. The gas 

detectior, pressure leading to  the rnaximum detection y ie ld  

i s  given. 

3rd period elanents excited by 55Fe, 

for t he  Znd period t h e  Ka spectra of carbon and of f luor ine  

excited by t h e  Cy particles of  "loPo. 

The spectra a r e  given f o r  t h e  Ka l i n e s  of t h e  

3 H/Zr and 'loPo sources; 

INTRODUCTION 

Under cer ta in  physical conditions, t he  peripheral  e lectrons of  a given 

i 

* Numbers i n  t h e  margin ind ica te  pagination i n  t h e  original foreign text. 



atom may pass fron oce energy l eve l  t o  another. 

panied by an electromagnetic radiatioc whose wavelength may extend from the  

v i s i b l e  spectrum t o  t h e  X-ray spectrum, depending on t h e  atomic number of t h e  

element and on t h e  electroE o rb i t s  considered. 

Such t r ans i t i ons  a r e  accom- 

About 100 years ago, Bunsen and Kirchhoff designed a p rac t i ca l  spectro- 

graph and, by deriving fundamental laws with respect to the  emission of t h e  

cha rac t e r i s t i c  spectrum of an element, demonstrated t h e  p o s s i b i l i t y  of using 

this spectrum f o r  ana ly t ica l  purposes. 

S ta r t ing  with t h e  XIX Century, spectroscopy developed fur ther  and f i n a l l y  

became o re  of t h e  forenost methods of qua l i ta t ive  analysis. Experiments by 

E c s e l m  3.n 1913. Coster. and Hevesv ir! 1923 denonstrated t h e  mssibifitu of 

using t n e  A-ray r ama t ion  spectra,  matted by the atoms, ror gerieraL anaLysis. 

This work pexmitted t o  f r e e  t h e  f i e l d  o f  spectrometry of t h e  d i f f i c u l t i e s  i n  

working up t h e  op t i ca l  l i n e s  emitted in l a r g e  number by t h e  atom. 

The qua l i ty  of t h e  electronic  apparatus and the  detection tecihniques, over 

several  decades, p e d t t e d  a considerable progress i n  ana ly t ica l  methods by 

X-ray fluorescerxe. 

rescence radiation is applied t o  a quant i ta t ive and qua l i t a t ive  analysis of 

various elements, s t a r t i n g  fro= magnesium, f o r  physical s t a t e s  such as so l ids ,  

The measurement of t h e  in t ens i ty  and frequency of fluo- 

l i qu ids ,  and powders. 

X-ray fluorescence analysis  forma p a r t  of the great va r i e ty  of physical 

ana ly t i ca l  methods that make use of the  propert ies  of radiations.  

various methods, X-ray fluorescence occupies a posit ion among those i n  which 

the  element t o  be determined emits a charac te r i s t ic  secondary radiation, in- 

cluding: 

I n  these 

analysis by neutron activation: /2 

2 



analysis by detect ioc of gamma rays emitted by t he  nucleus during 

capture of a neutron; 

a n a l y s i s  by detection of secondary radiation a t  the  reactions (y, n) 

W ) Y  (a, FY), 

O f  this enmeration, we dll ret& t h e  analyses by neutron act ivat ion and 

by X-ray fluorescence, as proved and current ly  applied methods. 

The high s e n s i t i v i t y  of an analysis by neutron act ivat ion has made this a 

method of choice for research on traces, The theore t ica l  limits of  this method 

a r e  imposed by t he  e f fec t ive  cross section of the  elanent t o  be determined and 

by t h e  period of t h e  nuclide formed, 

(ruclear reactor)  mav nreseni, a m-actirtaY l i m i t , -  w h i l ~  awaitin5 the nnssihi1i i .v  i 

The necessity of an intense neutron source 
I 

- - . -  _ _  .._ I_-_ 

of using maJ l  deuteron accelerators that produce L!+-Bk?v neutrons by nuclear re- 

action. 

Over a period of severa l  pears, numerous s tudies  have been made on replac- 

i ng  the  X-ray tube, i n  X-ray fluorescence analysis, by a radioactive source, 

This yielded various advantages. 

The radiat ion spectrum of the  radioactive source i s  invariant ,  arid the  in- 

t e n s i t y  of i t s  emission i s  affected only by s t a t i s t i c a l  f luctuat ions inherent t o  

the  random character of t he  nuclide dis integrat ion and by t h e  decrease i n  ac t iv i -  

ty,  i n  obedience t o  a well-known l a w  which i s  a function of time and of t h e  

half-life of t he  nuclide. 

The elimination of the  exci ter  tube and of i t s  s t ab i l i zed  feed preser t s  an 

economical advantage? i n  view of the cost of a radioactive source. 

Reduced cost p r ice ,  s m a l l  dimensions, ruggedness, and abserice of mainte- 

nance of the  exci ter  system by radioisotopes generally makes this technique use- 

f u l  f o r  nondestructive t e s t i n g  of strength or thickness of coatings of industr i -  

3 



a 1  products. 

I n  i ndus t r i a l  laborator ies ,  it w i l l  become possible t o  desigp various 

equipment w i t h  this teclmique, f o r  determining, f o r  example, 

tungsten i n  steels t o  w i t h i n  I$, i n  20 see; 

cobalt i n  hydrocarbons t o  within O.Ol%, i n  3 m i n ;  

uranjum i n  solut ions w i t h  a sens i t i v i ty  of 50 ppm; 

calcium and i ron  i n  cores of Lorraine i ron  ore, with a sens i t i v i ty  of 

3% absolute. 

Ir! prac t ica l  application, the l i m i t  of analysis a t  low atorAc numbers i s  

sh i f t ed  toward mamLesium, f o r  t he  two excitatior,  techniques, namely, by X-ray 

-. - * 7  - 1 -  I 3 ..-- I ? -  I.. I%- _---: -.) - 
- - - - ___I___ - _. - -_ __ - . . - - _ _ _  -- - 

b i l i t y  aEd t h e  use conditions of radioelements i n  the  X-ray fluorescence analy- 

sis of l i g h t  elements, spec i f i ca l ly  of t he  first of the  t h i r d  period i n  t h e  

periodic table ,  as well  as those of the second period, i.e., f r o m l i t h i u m  t o  

f l u o r i r e  . 
To reduce t h i s  ar,alysis limit of l i g h t  elements, several  p rac t ica l  ad- 

vartages car, be obtained wi th  a r  exc i ta t ioc  by radioeleroents that could be se- 

l ec t ed  on the basis of preceding studies. 

may l i e  i n  t h e  use of a-radiation f o r  exci ta t ion of l i g h t  elements. 

However, some theore t ica l  i n t e r e s t  

After a br ief  review of several  general pr inciples  of X-ray fluorescence, 

this paper w i l l  give t h e  considered solutions in t h e i r  basic pr inciples  and t h e  

d i f f i c u l t i e s  presented by an analysis of l i g h t  elemm-ts. 

Using t h e  described means, the  experimental conditions and the  obtained 

r e s u l t s  w i l l  be discussed i n  Par t  I1 of this report. 

4 



PART I 

I. THE PHBJOMENON OF FLUORESCmCE /7 

1.1 Q w t i z a t i o n  of Electron Levels 

According t o  Bohr's atomic theories,  coqlemented by Sonnnerfeld, t h e  

electrons a r e  dis t r ibuted about the nucleus i n  quantized energy levels .  

dinger associated a wave function, independent of time, with the  electron. 

solutions of this equatior. introduce whole mmbers, known as quantum numbers; 

these f ix  t h e  9ositior.SS of  t h e  electron i n  the  atom. 

Sch& 

The 

t h e  electron. 

n = pr inc ipa l  quantum number, ab le  t o  assume in t eg ra l  values: 1, 2, 3, 

4, ...; these values corresporid, respectively,  t o  t h e  s h e l l s  K ,  L, 

M, N, 0 0 . ;  

1 = azimuthal quantum number, able  t o  assume t h e  values 0, 1, 2, ..., 
n - 1, corresponding t o  the subshells s, p, d, f ,  ...; the  half- 

in teger  of the  electron spin decomposes t h e  value of 1 such tha t  

1 f 1/2, but must always yield a pos i t ive  number. 

spin determine the  subshells; 

Thus, 1 and t h e  

m = magnetic quantum number, able t o  assume t h e  values -1, -(1 - l), 
..., -1, 0, 1, e*., (1 - l), 1. 

The l a t t e r  intervenes i n  t h e  Stark as well a s  the  Zeesnari e f f ec t ,  where a 

s l i g h t  var ia t ion  i n  the  radiat iop frequency i s  observed. 

Each group of these four quarkurnnumbers defines a s ingle  electron i n  the  

atom, i n  accordance with P a u l i ' s  exclusion principle.  

5 



If a peripheral  electron receives an energy cpntum of a value suf f ic ien t  

f o r  being ejected from the  s h e l l  it occupies, a vacancy i s  created which can be 

f i l l e d  by an electron coming f r o m  a she l l  l e s s  rigidly bound t o  t h e  nucleus and 

having a higher enerm level ,  

The t r acs i t i on  of an electron from one s h e l l  t o  another modifies t h e  energy 

of t h e  atom. 

of X-ray radiation, kmown as fluorescence, o r  by t h e  emission of an electron. 

An electror, t ransi t ior ,  gives r i s e  t o  an electromagnetic radiat ion of the  

The l a w  of t h e  conservation of energy i s  obeyed by t h e  appearance 

/8 er,ergy hv, defined b r  the l eve l s  in question. 

C Here, v i s  the  radiat ion frequency u = -, and h is Planckts constant h 

'mansit ions between leve ls ,  having t he  same value of 1, are forbidden. 

A fluorescence radiat ion i s  desigriated by two letters. The first letter 

ind ica tes  t he  s h e l l  where t h e  vacancy had been created w h i l e  t h e  second le t ter  

denotes t h e  s h e l l  where t he  t rans i t ion  electron originated,  These two letters 

can be supplemented by a number that defines the  subshells;  examples are 

LI r I ~ l  ; K@1 , 

t i ons  i n  a uranium atom, 

Figure 1, according t o  Brown, shows t h e  numerous possible t ransi-  

1.2 Qual i t a t ive  Analysis 

i For a given t rans i t ion ,  t he  energy of t h e  X-ray fluorescence quantum is  

charac te r i s t ic  of the  excited element. 

an element with t h e  detected fluorescence energy. 

Thus, it w i l l  be possible t o  associate  

Table 2 gives the  X-ray 

fluorescence eKergy of the K ~ y l  l i n e  for  t h e  second and t h i r d  period. 

The frequency v of K-fluorescence radiation, as a function of t h e  atomic i 

number Z, obeys t h e  following l a w  established by Noseley: 

6 



6 0.874 (Z - 1.13) i j 

where R i s  t h e  Rydberg constant and R = 109,737 cm" . 
Figure 2 presents this energy var ia t ion as a function of Z (€3ibl.l]e 

Li 

Be 

B 

C 

N 

0 

Period I z 
e v  

52 

110 

185 

282 

392 

523 

2nd 

Elements I li- K a l  i 

238.3 

112.7 

67 

44.9 

31.8 

23.8 

1R R 

3rd 

11 

12 

13 

14 

15 

16 

17 

18 

1 041 

1 254 

1 487 

1 740 

2 015 

2 308 

2 622 

2 957 

11.9 

9.88 

8.34 

7.12 

6.15 

5.37 

4.72 

4.19 

I 

I .3 Fluorescence Yield 

The term "Auger effect" is used for t h e  phenomenon i n  which t h e  fluorea- 

cence radiation, by photoelectr ic  e f fec t  with a per ipheral  electron o f  t h e  atom, 

i s  converted i n t o  t h e  emission of ar electron. 

For example, l e t  an atom be excited a t  the  K level and l e t  us assume t h a t  

i t  can emit the  X-K% fluorescence radiat ion of an energy EK - ELIII  (here,  E 

deriotes t he  energy l e v e l  of t h e  she l l  under consideration). C e r t a i n  of these 

photons, again by photoelectric effect  i n  t h e  s h e l l  LIG may decay by e jec t ing  

7 



t t t l  1 
Fig.1 Diagram of Energy Levels of X-Ray Lines f o r  the 

Uranium Atom, according to Bmwn - 
do 

..= - - 

. .. 

Fig.2 Moseley Curve 
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an electron f r o m  t h i s  shel l ,  

t he  er,ergy 

The emitted electron or "Anger electron" w i l l  have 

Eir - EL 111 - EL e 

Thus, in the  de-excitation of the atom, the  emission of a photon and t h a t  

of an electron are two concurrent processes. 

L e t  us take t h e  simplifying hypothesis of a t a r g e t  consisting of a single 

type of  atoms, i r r ad ia t ed  by an X-ray beam. Le t  % be t h e  atoms excited i n  

un i t  time at  t h e  l e v e l  q, and l e t  PI, f be the  number of atoms e m i t t h g  t h e  

l i n e  5 of the  s e r i e s  q, i n  uni t  time. 

The following r a t i o  i s  designated as t he  fluorescence *eld ut,, corre- 

wherew, i s  proportional t o  t he  probabi l i ty  of fluorescence emission from the  

s h e l l  q. 

T h i s  y ie ld  i s  a fmc t ion  of t he  atomic cumber Z of the  excited elemect. 

The following relatior,  

empirically derived by Arends (Bibl.5), reduces t o  that derived by Wentzel, who 

established his expression by a wavemechanical expansion. 

1.4 Quantitative Analysis 

Let a monoenergetic X-ray beam of a frequency v l  and an in tens i ty  Il irradi- 

a t e  a ta rge t  of a surface s and a thickness d, a t  a~ angle of incidence Cp. For 

simplifying the  descriptioc,  l e t  us  assume t h a t  t he  t a rge t  consis ts  of a binary 

compound of t h e  elements A and B. I n  studying the  fluorescence radiat ion of 

9 



t h e  series p of t h e  elemer,t A ,  produced i n  the  ta rge t  by t he  primary radiation, 

w e  car: obtair. a re la t ion  of proportionali ty betweer, t h e  in t e rx i ty  of i so t ropic  

I 

emission of A and i t s  concentration in t h e  target.  

and the  following def i rz t ions will define the  notations. 

The accompafimg diagram 

A 
/ \  

I n  the  t a rge t ,  MA and &IS, respectively, denote t h e  volume masses of the /12 
elerriects k acd B; P i s  the  linear absorption coefficient,  correspocding t o  CL = 

= 6 + a; 6 and 0, respectively, are the p a r t i a l  absorption coeff ic ients ,  of  the  

photoelectric arid t h e  diffusion type. 

For the  t raversa l  of a binary medium, w e  have 



where 
CL, = rass absorptior, coefficient,  connected with CL by t h e  geceral rela- 

t i o n  9, = ++ ; 
P = der,sity; 

= lipear absorption coeff ic ient  of t he  t a rge t ,  l inked t o  the  incident 

radiation of a frequency ul ; 

rq = r a t i o  of t he  values o f  6 a t  t h e  extrendties of t he  absorption dis- 

continuity q. 

The i n t e r s i t y  of t h e  inc ider t  energy flux, a t  a depth x of  t h e  t a rge t ,  k i l l  

be reduced t o  W l  . I 
I l i x )  e ’.- . 

The absorption due t o  the  photoelectr 

t h e  element A will be 
v1 . I 

The corresponding energy absorbed iI i ,  t he  layer dx by t h e  specimen will be 

PI . x - 
‘1 A dx . -. M A .  -. s . sin@ *. 

d E I A =  X1e sin CP 
PA sin@ 

and, f o r  excitfag t h e  l eve l  q, 

(d - . 
rQ - i ‘1 A 

@1 . I I 

The number of primary photons absorbed by t he  l e v e l  q of t h e  atoms A i n  

t h e  layer  dx is 

. 
t o  which correspocds t h e  number rii s dx of atoms A excited in t h e  volume 



s dx, i.e., 

. -  

where wq i s  the  fluorescence y ie ld  of A a t  t h i s  leve l ;  pi is t he  probabi l i ty  

t h a t  an atom excited a t  t h e  level q d t s  t h e  l ine  i. 

The Ember of atoms emitting the  radiat ion i w i l l  be 
t 

4 . .  
I 1  . e . s . d; 

The volurr,e s dx emits secondary X-ray fluorescence radiat ion i n  all di- 

rectioris, of t h e  lir,e i a t  t h e  frequency V i ,  with 

4 . x  

We w i l l  d e t e m h e  t h e  fluorescence h t e r s i t y  I,, i of  A a t  a distance R 

from the  t a rge t  (F 9 d )  over a surface of 1 crna and perperdicular t o  t h e  X-ray 

emission at a n  angle $. 
, 
I 

Here, pi i s  the  absorption coefficient of t he  ta rge t  f o r  t h e  frequency V i  : 
~ 
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X 

-7 I 

L 
For t h e  t o t a l  enLssion of the  l e v e l  q, w e  have 

I f  d i s  su f f i c i en t ly  la rge ,  all of the X-rays w i l l  be absorbed i n  the  t a rge t ,  

and 

*i s i n  0, 
1 + -  - 

s i n  F *1 

I n  first approximation, t h e  fluorescence radiat ion emitted by t h e  element A 

can be considered proportional t o  i t s  concentration 5x1 t h e  ta rge t .  

I.4.l E l t r i x  Effect 

The values pl and pi are functions of various volume masses MA, Ma, &, 

.. . , of the  consti tuent elements of t h e  specimen. 

determired, a var ia t ion  i n  ITB, Mc, ..., w i l l  inf luence t h e  expression of (Ia, 

If A is t h e  element t o  be 

A) ,  (Bib1.59, 60, 61). The photoelectric absorption of  t h e  incident  radiat ion 

u1 by t h e  elements B, C, . . . , may gerierate a secondary radiat ion of an energy 

su f f i c i en t  f o r  contributing t o  the  excitation of t h e  element A .  By at tenuat ion 

13 



OF by re i r forc ing  t h e  irwestigated ray! t h e  var ia t ion i n  the  matrix composition 

introduces a supplanentary parameter into t h e  quarhitative analysis. 

L.S.3irks and D.L.Hamis (Bib1.62) daons t r a t ed  an musud. matrix effect .  

An analysis  of t he  i ron  i n  chromite-olivine ore  (Cr and Fe) shows that the  h- 

t ens i ty  Ka-Fe decreases with increasing i ron  concentration. 

Various factors  may influence the  in t ens i ty  of t h e  fluorescence radiation. 

For low energies, t he  detected fluorescence radiat ion concerns o ~ l y  the  surface 

portioc of t he  specimen and thus w i l l  impart a sa t i s fac tory  homogeneity of 

t he  elemeEt t o  be acalyzed. 

/15 

Considerations of s t a t i s t i c s  ar-d geometry ind ica te  t h a t ,  f o r  a pel le ted 

specimen, a granulometry of t he  order o f  one micron i s  t o  be preferred. 

1.4.2 Calibration 

Since t h e  matrix ef fec t  does not permit a simple l i n e a r  re la t ion  betweer; 

t he  fluorescesce i n t e m i t y  of a given element ar,d i ts  concentration i n  a given 

matrix, various aca ly t ica l  methods have been investigated. 

It is pOSSibk3 t o  rake a systematic study as t o  the  influence of each in- 

dividual elanent on the  radiatior, of the elemert t o  be analyzed. If t h e  com- 

posit ion of t h e  matrix i s  known, it becomes possible  t o  mathematically derive 

t h e  corrections t o  be made f o r  t he  analysis. 

moderate accuracy, presupposes that t h e  exci t ing spectrum i s  known. 

This tedious method, of only 

An almost complete elimination of t h e  matrix ef fec t  can be obtained by 

d i lu t ing  t h e  specimen with very l i g h t  elements. 

The method most frequently used because of i t s  simplicity and accuracy 

consists i n  a comparison of t he  specimen with standards having t h e  same matrix 

and i r  which t h e  cocter,t of t h e  element t o  be acalyzed spans t h e  content t o  be 

14 



determined. 

11. 'DETECTION OF X-RAP RADIATION BY PROPORTIONAL COUNTER 

The aralysis by X-ray fluorescence is  based on t h e  poss ib i l i t y  of selec- 

t ively measuring a s ingle  ray of t he  character is t ic  radiat ion of t h e  investigated 

element. 

In c l a s s i ca l  X-ray fluorescence analysis, a crys td l  known as t h e  analyzer 

This diffract ion of t h e  wave d i f f r a c t s  t he  radiat ion emitted by the  specimen, 

rad ia t ioc  associated with the  photons takes place i n  accordarxe with Braggts 

re la t ion:  2d sir, 6 = nA. 
/16 

Specileen Detector 

/ ? n is  an integer ' 

c d is the crystal 
l a t t i r c  nnarinw 

\ 
\ 

X-ray tube 

This process permits a f i n e  resolution i n  studying a given spectrum. The 

X-ray tube abundantly irradiates t h e  specken and thus compensates the  poor 

y i e ld  of t h e  crystal .  

A t  t he  l imi t ing  condition of 8 = 90°, the  first order of t he  Ka l i n e  w i l l  

be d i f f rac ted  i f  d 2 h / 2 .  

A t  l o w  energies, this ra i se s  t h e  d i f f i c u l t y  of finding crys ta l s  with a sur"- 

f i c i e n t  l a t t i c e  spacing, s t a r t i c g  from sodium. 

synthetic EDDT ar,d ADPa crystals"" a r e  i n  c o m n  use. 

For aluminum and magnesium, 

o EDDT = d-ethylenediamine tartrate; ADP = ammonium &.hydrogen phosphate. 
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For extrenely low energies, t he  radiation i s  diffracted by a grating 

formed of superposed films (Bibl.2l, 33). 

L.G.Dowell designed a diffract ion graticg,  formed of 135 single  layers of 

lead  stearate, with an effective spacing of about 51 1. This di f f rac t ing  system 

permits an analysis of C ,  N, and 0. 

Nondispersive X-ray radiation can be ensured by a detector  whose response 

i s  an e l e c t r i c  pulse of m- amplitude proportional t o  t h e  absorbed energy. 

S c i n t i l l a t i o r  detectors,  gas-filled proportional counters, ar,d semiconductors 

have this property, 

The er.ergy d is t r ibu t ion  of t he  detected X-rq radiation i s  obtair,ed by 

spectronetry of t he  pulse heights, furnished by t h e  detector. 

This analyt ical  technique, at low energies, prevents t h e  difficulties en- 

countered i n  diffraction. 
detect  o r  s 

Semiconductor ,,can be used at present only f o r  energies higher than several  

t ens  of K e v .  

a s c i p t i l l a t i o n  courAter which has a higher background and a less sa t i s fac tory  

For low energies, t h e  proportional counter i s  preferable over /17 

resolution, On t h e  other  hand, t h e  selection of a th in  window f o r  t he  sc in t i l -  

l a t i o n  counter i s  l imited by the  requiremeEt that this window be l ight-t ight.  

11.1 Operating Pr inc ip le  of t h e  Proportional Counter 

Detection of X-ray radiation of an energy E proceeds by ionizing t h e  gas 

ic t h e  counter, after which t h e  produced photoelectrons a r e  collected on t h e  

ar:ode. 

A system of  concet t r ic  electrodes creates  a comergent e l ec t r i c  f i e l d  of 

t h e  form 

16 



where 
V = p o t e s t i a l  difference between the  electrodes;  

re and r. = r a d i i  of t h e  cathode ar?d anode, respectively. 

If  w i  i s  the  ioriization energy of the  gas,  t he  number of photoelectrons 

I n  proportional operation, t he  photoelectrons i n  the  produced will be - E . 
e l e c t r i c  f i e l d  acquire a k i r e t i c  energy suf f ic ien t  f o r  ionizing other  atoms so 

that, for a quarkum E, t h e  mode w i l l  co l lec t  A * - E electrons. Here, A de- 

notes t h e  gas multiplication factor.  

% 

U l  

Rose and Korff (Bibl.12) formulated the  first theory of gas amplification 

and derived t h e  following expression for A: 

where 
a = gas constant; 

N. = number of molecules per  wi5t volume; 

Cc = capacity of t h e  counter per unit length; 

V, = threshold of t he  proportional region. 

However, severdl hypotheses l imi t  this theory: 

The u l t r a v i o l e t  radiat ion emission a d  t h e  photoelectric e f fec t  on the  

cathode a r e  negligible. 

The secondary electron emission, produced by t h e  posi t ive ions on /18 
the  cathode, i s  absent. 



The f luctuat ions i n  the  specif ic  ionization of the f i l l i n g  gas m d  

- 
Gas Fi l l ing  E K % 

v o l t s  V/mm tit cv 

1 99.8 z C H I  + 0.2 % A 38.3 225 28.9 

40.3 190 28.9 

7 .9  X Ct14 + 92 .1% A 30.2 102 26.7 

90.3 Z CH, + 9.7 'k A 28.3 2 87 28.7 
i b 

electror! attack'erit t o  the  electronegative impurit ies a re  in s ig r i f i can t  . 
A modified theory, formulated by Diethorn, i s  expressed by the  r e l a t ion  

bv Log - 
r. 

v Log 2 

where 
F = pressure; 

- 
AV and E = charac te r i s t ic  coeff ic ients  of t he  gas. 

Kiser (Bib1.13) demonstrated that this theory agreed best with t h e  experi- 

mental resu l t s ;  he a l s o  measured hv a d  F. 

The maximum amplitude V. o f  t he  pulse collected a t  the  anode depends on 

t h e  l a w  of t he  co l lec t ion  of charges as a function of time which, i n  turn,  de- 

pends primalily on t h e  t r a n s i t  time of the  sheath,,positive ions c rea ted ' in  the  

v i c i n i t y  of t he  arode. 

of 

I n  f a c t ,  t h e  mobility of the  electrons i s  Id t o  Id 

times tha t  of t he  heavy pos i t ive  ions. 

For ar i f i f i n i t e  charge resistance R,  w e  have the asymptotic value 

E .  8 
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On giving a suf f ic ien t  value t o  the time constant 7- with respect t o  the 

r i s e  time of the  pulse, we will have (Bib1.U): 

t A .  E. e 
V t -  Lee (1 ++ ' 

rC *e 

r. 
2 . wi . c Log - 

with 

i P . ra2 Log rc/ra - 
i 2 v . w  

where 
i~ = mobili ty of  the  pos i t ive  ions ;  

C = capacitance dis t r ibuted between amode and ground, f r o m  t he  filament 

t o  the gr id  of t he  f i rs t  tube. 

The dispersion i n  t h e  arrival time of the  electrons at the  anode wi l l  be 

decis ive f o r  t he  validity of this relation. On t he  other: k . d ,  a t  high values 

of A ,  t h e  space charges may perturb the function Vt 

11.2 fill in^ Gas 

Under the  e f fec t  of the  ionizing radiation, t h e  f i l l i n g  gas of t he  counter 

becomes an electron generator. These photoelectrons and t h e  secondary electrons 

a r e  grouped i n  t h e  time of col lect ion on the  anode. The induced pulse amplitude 

represents the energy of t he  absorbed radiation. The number of these pulses 

per  unAt time Will be t h e  mirror image of t h e  i n t e n s i t y  of this same radiation. 

Various phenomena may disturb t h i s  mechanism and falsify the  test results. The 

main e r ror  source usually i s  an incoEplete collection of t h e  electrons on t h e  

anode, or the  f a c t  t h a t  the  ionizing pa r t i c l e  t r ans fe r s  i t s  energy t o  the  gas 

i n  a form different  from ionization. Thus, i n  a gas containing electronegative 

molecules such as Oa and H20, t he  f ree  electron would have a non-negligible 

probabi l i ty  of attachment pu,, as indicated i n  Fig.3 (Bibl.15). 
Q 
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If t h e  ionizatiori of t h e  gas i s  intense, recombination of t h e  electron 

with a pos i t i ve  ion becomes possible. 

Figure 25 gives the  mss absorpticn coeff ic ients  f o r  t he  gas mixtures A + 

+ 1% CH4 and H e  4 1% CH+, as a function of t h e  wavelength of t h e  X-rays. 

Disregarding the two preceding phenomena, t he  amplitude f luctuat ion P of 

the  pulse,  furnished by t h e  proport ioml counter, can be wri t ten i n  the  form 

where 
N = number of primary electrons created by the  i o r h i n g  pa r t i c l e ;  

A = number of secondary electrons created by a primary electron. 

/20 a) primary Ionization 

a 
aN The term (7) , studied by Fano, w a s  found equal t o  z, where F i s  N 

known as the  Fano coeff ic ient .  

For hydrogen, we have 1/3 < F < 1/2. 

The energy of t h e  ionizing p a r t i c l e  t o  be detected cannot be en t i r e ly  con- 

ver ted for iorfizing t h e  detector gas. 

gas molecules may be excited, of ten at a metastable s t a t e .  

I n  fac t ,  a r e l a t i v e l y  l a rge  number of 

The optimum gas 

detector  is one i n  which t he  major portion of the  p a r t i c l e  energy i s  used for 

ionizing this gas. 

energy fract ion,  used f o r  t he  excitation, i n to  ionizat ion energy by secondary 

e f fec t .  

Certain gas mixtures have t h e  property of reconverting the 

This phenomenon had been demonstrated bx Korolev (Bibl.16) f o r  CH4 contents 

of l e s s  than 6% i n  t he  argon. 

this author, i s  p lo t t ed  for various mixtures of A and CH4. 

I n  Fig.4, t h e  function Log A = f ( V ) ,  giver, by 
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Frorr, 0 t o  6% of CHI, t he  increase i n  t h e  coefficient A i s  due t o  secondary 

ionizat ion,  produced by col l i s ion  between t h e  excited argon and methane atoms, 

such t h a t  
A *  + CH4-A + CH; + e- L A  E I 

where AE denotes the  var ia t ion in kine t ic  energy of t h e  incident par t ic le .  T h i s  

phenomenon of de-excitation i s  made possible by the  f a c t  t h a t  argon has more 

than  hw-dred exci ta t ion leve ls  above the  ionization poten t ia l  of methane. 

For methane contents above 6$, i t  should be recal led tha t  there  i s  ar. in- 

verse  effect  due t o  the  known fac t  that the  addition of a polyatomic gas t o  a 

mor?atorric gas causes t h e  mean energy of the f r ee  electrons t o  decrease. Simul- 

taneously, the  multiplicatior.  f ac to r  a lso  decreases. 

exci ta t ion photons, produced i n  t h e  Townsend avalanche, i s  absorbed by t h e  

heavy gas; however: t h e  slope of t h e  function Log A = F(V), on descending, 

A l a rge  portion of t h e  

y ie lds  a greater operating s t ab i l i t y .  

b) G a s  Amplification 

2 

The term - ( - iA ) i s  introduced by gas amplification of t he  primary N a 
electrons.  Fr ish and Snyder give a value of (+) = 1; however, Curran's 

theory, experimentally ver i f ied,  reduces the  quantity - ( "A" )5 to 2/3* 
I n  first approximation, according t o  t h e  above statements, it w i l l  be 

1 2 

possible t o  w r i t e  (q) - 
This number N becomes principal,  and an attempt should be made t o  in- /22 

crease it. 
E = -. 

wi 
Thus, t h e  gas used should have the lowest possible q. 

The quant i ty  nT i s  lipked t o  the  ionization po ten t i a l  of  t he  gas: 

I n  the  gas amplification, t he  probabi l i ty  of secondary ionization w i l l  
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Fig.25 Absorption Coefficients of t he  Detector Gas 
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also be a function of u)i (Bibl.171, as indicated i n  Fig.5. 

11.3 Poss ib i l i t i e s  of Detection by Proportional Counter 

Gas-filled proportional counters have been 5n wide use as detectors,  

furnishing a response proportional t o  t h e  energy. 

f i e l d  of photomultipliers has l e d  t o  replacement of s c i n t i l l a t i o n  counters by 

proport ior id  counters, i n  numerous cases. 

below 10 Kev), t he  proportional counter ranairs the  detector  of choice. 

type of detector has t he  advar,tage of a resolution 2 - 3 times be t t e r  thar. that 

of a s c i n t i l l a t i o n  counter; i n  a d d i t i o r ,  i t s  background is l e s s  and i t s  recovery 

time i s  short. 

The progress made i n  t h e  

However, f o r  s o f t  X-rays (energy 

T h i s  

The poss ib i l i t y  of determining, a t  will, t h e  nature and t h e  pressure of 

t h e  f i l l ing-gas mlxture permits varying t h e  eff ic iency of detection and, with 

the  same toker,, obtaining a se lec t ive  eff ic iency f o r  a given ecergy. 

Resolution 

We w i l l  a t t m p t  t o  derive the theore t ica l  r e s o l v h g  power of proportional 

counters f r o m  the previously obtained relat ion:  

1 7;- 

The resolving t h e  

E = energy of t h e  detected p a r t i c l e  

w1 = ionizat ion er,ergy of  the gas 

i s  defined as t he  r a t i o  of t h e  width of t he  peak a t  
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olidheight t o  t h e  abscissa of t he  peak. 

The width of  t he  peak a t  midheight w i l l  be equal t o  t h e  dispersion OP, with 

t h e  coeff ic ient  2.354. 

From this, we obtain t h e  expressioc f o r  t h e  resolution 

Q P  

/u, 

- - 2.354 
P 

For t h e  gas mixture of A + 10% CHI, w e  have wi = 26.7 ev amd 

A P  0.384 ' 

The f a c t o r  0.384 appears higher than expected from t he  e x p e h e n t a l  results 

aA (Bib1.63) obtairied f o r  t h e  value o f  7. 
A possible  expression f o r  t he  theoret ical  resolution w i l l  be 

Too intense ac ionizatioxl of t h e  gas produces space charges and deterio- 

rates the  resolution. 

f ica t ion  f ac to r  up t o  which resolution will be maintzined: 

Fontecorvo (Bibl.18) places a l i m i t  Acr on t h e  gas ampli- 

E . A,, io8 er 

1 i s  recom- 10,000 S t a b i l i t y  of the  very high voltage (VHV) of  a t  least 

mended. The end ef fec ts  m y  produce a r ise  a t  l o w  energy and influence t h e  

resolvicg time. 

S t i l l  o ther  causes may affect the  resolution, including: 

phenoaena of attachment and recombination i n  the  detection gas (11.2) ; 

surface f i n i s h  of t h e  anode filament. 

We have proved that a minimal rr.echanical. tension. of  t h e  ar-ode f i l anen t  i s  neces- 
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Fig. 5 Probability of Ionization 

Fig.6 Probability of Excitation f o r  t h e  A l - K a  L i n e  
as a Function of A i f i i  
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sary. 

Spectra of very l o w  energy have been detected wi th  proportional counters; 

one nere ly  reeds mention the  XK l i n e  o f  carbon of 282 ev, excited by Dolby 

(Bib1.20) w i t h  a microprobe; t he  X L  l i n e  of  chlorine of 238 ev, excited by 

X.Langex6.n (Bibl.19); t h e  oxygen l i n e  of 523 ev, excited by B.L.Henke (Bib1.a). 

J.E.Holliday (Bibl.31) detected t h e  XK emission of beryllium of 110 ev. 

These performances a t  low enerdes  demofistrate t he  p o t e n t i a l i t i e s  of t he  

proport ioral  cow-ter and t h e  usefulness of such a detector for the  energies that 

we wish t o  invest igate  here. 

111. EXCITATION OF FLUORESCEXCE BY I4EAN.S OF T(BDIOISOTOPF3 /26 

The supply of energy t o  the  atom, permitting t h e  expulsion of an electron 

from t h e  s h e l l  that i s  t o  be excited, bas ica l ly  proceeds in accordance with two 

modes . 
The first mode u t i l i z e s  the  energy furmished by the  su f f i c i en t ly  acceler- 

a ted  thencdi electrons. 

t he  specken  and exci te  i t s  iCluorescence radiation. 

t he  microprobe which focuses the  electron beam on an area of  pm of t h e  speci- 

men. 

t h e  deceleration of the  electrons generates an X-ray rad ia t ioc  of continuous 

spectrum, t o  which t h e  fluorescence l i n e  spectrum of t h e  anticathode i s  super- 

posed. 

I n  the mode o f  d i rec t  emission, these electrons s t r i k e  

This process i s  used i n  

a 

Nore often,  t he  electron beam s t r ikes  a metal surface (apticathode) where 

This X-ray radiat ion then exci tes  the  fluorescence of t h e  specimen. 

The second mode of energy supply consists in using t h e  radiation of radio- 

ac t ive  isotopes. 

The exci ta t ion of fluorescence w i l l  take place urder d i f fe ren t  conditions, 

tha t  must be defined i n  accordaEce with t h e  type of  nuclear radiat ion used. 



However, a l l  of these sources have several properties i n  c o m n :  

a )  The energy of t h e  p a r t i c l e  or of the  quantum e t t e d  by the  source 

must s a t i s f y  the  imposed cocditions f o r  obtaining a sa t i s fac tory  

eff ic iepcy of fluorescence exci ta t ion of a given element. 

b) The ha l f - l i f e  of the  radioisotope must be su f f i c i en t ly  long. 

c) As high as possible a spec i f ic  a c t i v i t y  should be selected. 

d )  The radioactive source mus t  not be contaminated, 

111.1 Excitation by Photons 

The in t e rac t ioc  of a photon with the  atom may take various foms ;  a 

dozen of processes a r e  theore t ica l ly  possible, 

below 100 Kev, these processes a r e  r e s t r i c t ed  t o  i n e l a s t i c  Compton sca t te r ing ,  

t o  t h e  photoelectric e f fec t ,  and - i n  t h e  case of s o f t  X - r a y s  - t o  e l a s t i c  

Rayleigh scattering. 

However, f o r  photons of energies 

The photoelectric effect ,  in accordance with the  process indicated i n  

Section 1.5, w i l l  exc i te  fluorescence of t he  specimen, 

In  t h e  investigated shel l ,  t h e  energy hu of the  photon is transmitted asm 
follows : 

t 
h V = E , + E q  ; 

3 

where 
E, = k ine t i c  energy of t h e  electron ejected from t h e  s h e l l  q; 

E, = binding energy of t h e  s h e l l  q. 

T h i s  energy E, can be comerted,  during de-excitation of t he  atom, i n t o  

X-ray fluorescence radiat ion or i n t o  an Auger electron. 

Inf luerxe of t h e  Excitatior. Energy 

Returning t o  the formula t ha t  gives the  in t ens i ty  of fluorescence radiat ion 
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excited i n  a binary ta rge t  (Section I.&), w e  have 

For a t a rge t ,  formeG of a single element, we .ave XA = p r  . 
I n  p1, fo r  s o f t  X-rays, t h e  component g, i s  p r i n c i p a l  so that w e  obtain 

It seem that Is, i increases with increasing h l ;  however, AI must be 

lower thap ha (value corresponding t o  t h e  absorption discontinuity 9). 

double condition A1 < & < A i  requires a value of 7 below 1. 

The 

A1 

1 

Assuming t h a t  t he  absorption coerf ic ient  CL is proportional t o  A' and ne- 

glect ing t h e  scat ter ing,  we have 

Posing 

w e  obtain 

, f o r  t h e  Thus, Fig.6 shows t h e  course of f (+) as a furct ion of - 
1. i 

X l ine  of aluminum (Bibl.11). 
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Selection of t h e  Radioisotope 

The importance of proper selection of t he  rad5ation A,, which exci tes  t he  

fluorescence radiat ion X,, i s  qui te  obvious. 

The accompanying Table gives theX-ray generating isotopes of an energy 

below 10 Kev. 

TABLE OF' X-FAY SOURCES BELOW 10 Kev 

lsotopes 

&e7 

C.4 

v 49 

Cr51 

Mn54 

b 5 3  

Ti4' 

Pes 

c058 

Ni5' 

ee7 

se7 

12 'x 478 Kev, EC 

EC 

EC 

1 Y' 

27 days 

3QO days 

2.106 yr5 

2.94 y n  

270 days 

72 days 

7: 5. lo5 yrr 

EC 

y 323 Ker 10 %.e', EC 

y 835 Iiev 100 %, EX 100 % 

EC 

EC 

Y 5: Ker. e-, E 

e' 14 %; y 800 Kev; EC 36 U 

EC 

250 days 1 8' 2 Z; Y 46 Z 1.11 Mer EC 
11.4 &y5 

7 6  days 

BC 

Ec 

127 days 1 ; Y 10 % 265 COV, EC 

1 

.9 

.4 

5.41 

5-90 

6.40 

6.40 

6.93 . 
I 

Most of these sources emit, by K capture, t he  l i n e  of t h e  lower element 2. 

This l i n e  spectrum yie lds  sat isfactory peaking rat ios .  Consequently, t h e  /24 
ntmber of energy sources below 6 Kev is limited,  

X-ray spectrum, t h e  spec i f ic  ac t iv i ty ,  and t h e  p o s s i b i l i t i e s  of conditioning 

make it preferable t o  use FeS6 f o r  elements with an atomic number Z below 25, 

A s  will be demonstrated below, the  emitters of charged p a r t i c l e s  can use t h e  

The period, t h e  p u r i t y  of t he  



low-eEergy relay f o r  producing X-rays by secondary effects.  

pa r t i c l e s  a r e  able t o  exc i te  t he  character is t ic  X-ray radiat ion of a given 

radiator.  

b r a s s  t rahlung . 

The a and 6 

The betas produce, i n  addition, a continuous X-ray background by 

I11 .2 Excitation by &Part ic les  

An ionization of t h e  atom, in i t s  most r igidly b u n d  she l l s  K ,  L, ..., by 

&par t ic les  w i l l  produce t h e  emission of character is t ic  l i n e s  of this atom. 

This l i ce  spectrum w i l l  be superposed by a cor,tinuous X-ray spectrum known as 

brmsstrahlung, produced by acceleration o f  t h e  p a r t i c l e  i n  t h e  Coulomb f ie ld  

of t h e  nucleus. 

When using this exci ta t ion process and i n  t h e  case of a nondispersive 

analysis, it is suggested t o  prevent the B-particles, back-scattered by t h e  

specimen, from penetrating i n t o  the detector. 

using a magnetic f i e l d  (Bib1.22). 

cor t r ibu te  t o  exci t ing the  fluorescence radiation of t h e  t a rge t ,  might deterio- 

This i s  readily obtained by 

The X-ray bremsstrahlung, although it does 

rate t h e  contrast of t h e  character is t ic  peaks, due t o  the  continuous background 

which it imparts t o  t h e  detected spectrum. 

A r  ind i rec t  technique of u t i l i z i c g  6-sources consis ts  i n  using these f o r  

producing X-rays i n  an internediary target.  

have been applied (Bibl.7, 8 ,  9, 10). 

Different var ian ts  of this method 

The mean output of energy radiated through bremsstrahlung by an electror; 

of energy E, i r  a t a rge t  with an atomic number 2, i s  represented by the  formula 

confirmed by Wyard: 
I 

E~ - 5 .8  . IO-* z . R2 1 

where EB and E are expressed i n  MeV. 



For t h e  en t i r e  6-spectrm we w i l l  have 

where n $ = -; 2s 
El3 

K (  r)d$ = proportion of the @-particle spectrum i n  the  energy in te rva l  E 

t o  E + dE, such tha t  
1 

x(\tr) dW - 1 .  
0 

The in t ens i ty  of t he  in te rna l  bremsstrahlung has t h e  form 

= 3.7 . SB . I I 

If, i n  f i r s t  approximation, the  d i rec t  excitation of charac te r i s t ic  X-rays 

by t h e  betas i s  independent of t he  production of bremsstrahlmg, t he  excitation 

of ,luorescecce will depend directly on t h e  in tens i ty  of t he  bremsstrahlung 

spectrum, having an energy greater t b  t h e  energy of t h e  fluorescence l i n e  under 

consideratioc. 

The cumber of photons I,, produced by t h e  ?-particles over excitation of 

t he  l e v e l  q, will be 
i 

~ 

E 
I o  = j dQ (E) I B (E) d E. 

0 
I 

Here, 18 (E) i s  the  ronnalized $-particle distribution: 

where 
cp = effect ive cross sect ioc f o r  excitatior;; 

E = m e a n  f r ee  path of nonoenergetic electrons. 

For energies below 0.1 Nev, w e  have 

R ( E )  - 1.5 g2 gm/ c 2 .  

The accompanying Table compiles the results of experimental studies on t h e  
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eff ic iency of production of X-ray radiation by B-sources. The va l id i ty  of these 

r e su l t s  i s  l imited t o  t h e  experimental conditions described by t h e  authors. 

These experimental results confirm t h e  theory: The use of B-sources of 

low energy, exci t icg radiators  of  l o w  atomic number, i s  characterized by low 

yield. 

The following Table l is ts  the  6- emitting radionuclides of low energy. 

AE or ig ina l  type of source-plus-radiator uni t  i s  composed of a zircorxium 

o r  t i tanium f o i l  ( rad ia tors )  i n  which tritium (@-emitter) i s  f ixed by adsorption. 

Figure 7 gives t h e  spectrum of  a $ / Z r  source, described i n  the  second 

portion of  Section 111.2. 
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Fig.? Spectrum of t h e  @ / Z r  Source 
The peak L a  of Z r  becomes detached at 2,042 Kev 
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The Sources of adsorbed t r i t i u m ,  developed and used in B r i t i s h  Labora- 

t o r i e s  (Bibl.8, 9) ,  have come i n t o  gereral  use f o r  exci ta t ion of elements of  

l o w  atoIcic number, For the  malpis, G.Seibe1 (Bib1.25), using 2.L curies of 

$ / Z r ,  a radiatioE path i n  vacuum, and detection and analysis  by proportional 

counter, obtained t h e  r e s u l t s  shown i n  t h e  accompanying Table, 

Standards 

X-ray r a d i a t i o n  

Energy (Kev) 

I n  t t n s i  t y  ( ct s/ =e c 1 

Background (e ts /sec )  * 

Pe Co3C. 

el 

6.39 3.69 

AAW A050 

AB 1s 
I 

sio, 

1.74 

7 A0 

11 

Jt Background noise measured on e i the r  s ide  of t h e  l ine .  

111.3 a-Sources 

The production of an X-ray fluorescence radiation, f roma-part ic les ,  has 

beer, demonstrated and investigated since the begiri ings of nuclear physics 

(Bib1.29, 66, 67, 68, 69,  70). 

Born's method (Bib1.66) fo r  t r ea t ing  col l is ion processes i s  va l id  o r iy  if 

t h e  veloci ty  of t he  incident p a r t i c l e  i s  l a rge  with respect t o  t h e  r a t e  of revo- 

l u t i o n  of the  knock-on electron. 

t h e  case of a -par t ic les  and electrons of the  K she l l ,  B0m.t~ method does yield 

sa t i s f ac to ry  results. Henneberg (Bibl.69) explains this by the  f ac t  t h a t  t h e  

Although this condition i s  not s a t i s f i e d  i n  

expression of the  exci ta t ion probabili ty,  derived by Born, i s  o n l y  a f i r s t  ap- 

proxination and t h a t  it w i l l  su f f ice  orJy as  long as i t s  value remains smal l  

with respect t o  unity. Thus, this condition is s t i l l  s a t i s f i e d  f o r  aluminum 

where t h e  probabi l i ty  i s  1/1OOO, which decreases even fu r the r  f o r  heavier atoms. 
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In accordance with Henneberg's theory, Biihring and Haxel (Bib1.28) derived 

an expression of t h e  e f f ec t ive  cross section 0 f o r  emission o f  X-K rays, as a 

function of the  eEergp of t he  incident p a r t i c l e  a: 

0 (E) - 1.408 . 1 0 - l ~  . q, (z4 o r 1  (-1 i n  C 8  2 '  i -- 
where 

wK = ,fluorescence yield K f o r  t he  atom of an atomic number Z; 

= r a t io  of real t o  i dea l  ionizat ion energies K ;  
T (ev) e =  
13-53 2' 

= a dimensionless function; L21t 

0 -  4 n  4 n  4 E+; 
+ ****I ' ~ , ( n ) -  0 . 1 . e  ' + n  (-) 

1 + n  

4s E - E = energy i n  fiydbergs (1 Rydberg = 13.5 ev) 
b * a2 0 d 

a a = 0.68f 

reduced mass of t h e  a-par t ic le ,  i n  u n i t  electron 

mass . t 'a %to. 

"a + %to. 
u -  

&the and Franz (Bib1.32), on t h e  basis of t h e i r  experiments, found t h e  

production y i e ld  of charac te r i s t ic  X-rays excited by t h e  a-par t ic les  of Poaro, 

where this y ie ld  by @-part ic les  ranges from 54 X lom3 f o r  magnesium t o  2.4 x 

x IO-'' f o r  zinc. 

G h r i n g  and Haxel (Bib1.28) studied the  production of charac te r i s t ic  X-rays 

of nickel,  copper, and molybdenum under t h e  following eqer imenta l  conditions: 

A source of Poa1' of 5 mC*, i n  t h e  transmission mode, excites t h e  fluorescence 

of a radiator.  

I of the  X-rays i s  expressed by t h e  relat ion 

The influence of t h e  energy E of t h e  a-par t ic le  on t h e  in t ens i ty  

- e '  
-*A*" I w -  r*i, 4% 

I f  '# i s  t h e  number of quar,ta emitted per s ing le  a -par t ic le  of 5.3 MeV, the  

9 mC = mill icur ie .  
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authors give t h e  following results: 

- 
Z 1 v n Exci ted  E3 tmtnt 

Ni 28 18.7 . 4.8 
I 

Cn 39 14.8 . 4.8 j 

YO 42 0.61 . IO-* 
' 1  

t 5.3 

These studies and experiments show t h a t  t he  yield of X-ray fluorescence 

increases toward elements with a low atomic cumber; magnesim i s  t h e  l i g h t e s t  

element used i n  these experimects. 

The short  m e a c  free path of the  a-par t ic les  and the  influence of t h e  energy 

of t h e  p a r t i c l e  on t h e  fluorescence excitation requires special  precautions f o r  

t h e  i r r ad ia t ion  of a given specimen by such a source. 

b n g  radioelements mit t ingcu-part ic les  of suf f ic ien t  energy, w e  can 

mention : p0210, pu238, ~ ~ 2 3 9 ,  b241, ~ h 2 2 9 ,  cP", ~m'*', etc. Preference w i l l  

be given t o  radioisotopes without paras i te  Y, X, 6 radiations. 

Although Po"' has a r e l a t ive ly  short ha l f - l i fe  of 138 days, it is  prefer- 

en t i a l ly  used because of  t h e  pur i ty  of i t s  emission of  a -par t ic les  of 5.3 Mev. 

Various authors (Bib1.26, 27, 30) have used thea-emission of Poa1' f o r  

exci t ing fluorescence of l i g h t  elements and f o r  obtaining a low-energy reference 

X-ray source. Friedman, using a deposition of  Po2'' on aluminum, obtained an 

X-ray in t ens i ty  several  thousands o f  counts per  second, under t h e  aluminum l ine .  

Cook and Mellish (Bibl.q), using an ana ly t ica l  setup, and a Po2'' source of 

1 ICC ac t iv i ty ,  obtained t h e  r e su l t s  given i n  the  accompanying Table. 

Excitation of fluorescence by means of a-par t ic les  has t h e  advantage of 

yielding well-contrasted peaks; i n  f a c t ,  a-radiation produces co extensive 

bremsstrahlung i n  t h e  t a rge t ,  and t h e @  back scat ter ing,  which i s  negl igible  f o r  
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l i g h t  elements,  reaches 10% only a t  the highest atomic numbers. 

IV. AKALYSIS OF LIGHT EXXMEXTS 

We w i l l  here discuss t h e  difficult ies of theore t ica l  a d  p rac t i ca l  order, 

erxountered i c  X-ray fluorescence aEalyses of l i g h t  elements. 

we m e u i  a l l  elements of the t h i r d  period of t h e  Periodic Table, occasionally 

i rxluding titanium. I f  special  precautions are taken, present technological 

mems w i l l  permit t he  range of this analysis t o  be extended t o  magnesium, in- 

clusive. 

By l i g h t  element, 

IV.1 Dif f i cu l t i e s  of a Theoretical Kature /36 

The charac te r i s t ics  of an analysis a t  low atomic numbers, presented here, 

most l i k e l y  w i l l  not be fur ther  modified by techriical variations.  

a) Fluorescence Yield 

The Lfluorescence y ie ld  WK decreases steeply with decreasing atomic number 

of t h e  ta rge t ;  thus, f o r  molybdenum, we have WK = 0.74 which drops t o  0.26 f o r  

chromium and t o  0.025 f o r  a l d m .  

men decreases i n  favor of Auger electrons; this phenomenon w a s  u t i l i z e d  by 

Henke (Bib1.36) who was successful i n  spectrometering these electrons f o r  an  

a n a l y s i s  of very low atomic numbers. 

The Ember of photons emitted by t he  speci- 

The or ly  poss ib i l i t y  of coEpensating f o r  this reduction i n  in t ens i ty  of 



t h e  X-radiation would be t o  increase t h e  i n t ens i ty  of the  excit ing radiation. 

T h i s  solution might have drawbacks, some of which a r e  due t o  t he  pheriomena dis- 

cussed below, 

b )  Scat ter ing of t h e  Exciting Radiation 

On exci t ing the  specimen by X-rays having an energy corresponding t o  t h e  

fluorescence e n e r a  t o  be detected, L e , ,  s o f t  X-rays i n  our case, t h e  e f f i c i en t  

cross section f o r  Compton sca t t e r ing  decreases i n  favor of the  e f fec t ive  CMSS 

sect iocs  f o r  e l a s t i c  Rayleigh and Thoxison scattering. 

energies and a t  the  resolving power of our spectrometer, t he  change i n  energy 

However, a t  these low 

of t he  Compton sca t te red  radiat ion with respect t o  t h e  inciderrt radiat ion is 

negligible. For FeSS, emitting photons of 2.103 i, t h e  Compton electron will 

have a minimum energy of 
I 

2.103 - 0.024 = 2.079 f ~1 

Compton sca t t e r ing  and e l a s t i c  scat ter ing show a similar behavior with 

respect t o  increasing t h e  background noise; this w i l l  lower the  accuracy of 

quant i ta t ive analyses, due t o  a reduction in contrast  of the  peaks, 

IV.2 Dif f i cu l t i e s  of a Prac t ica l  Nature 

The d i f f i c u l t i e s  described here a re  spec i f ic  for  low energies. Moseley's 

1 lawA = f ( T )  demonstrates t h e  decrease i n  fluorescence energy at low atomic 

numbers ( i n  Ia , t a b l e  of Ka energies o f  t h e  elements of t h e  second and t h i r d  

period) . 
The use of these s o f t  X-rays produces various d i f f i c u l t i e s ,  t h a t  w i l l  &'J 

be discussed below, 

cussed elsewhere. 

The spec i f ic  problems of exci t ing radiation w i l l  be dis- 
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a )  Absorptior! Character is t ics  

Low-energy X-rays a r e  characterized by high absorption coeff ic ients  that 

ixcrease rapidly i n  inverse proportion t o  the  energy. As a typical  example, 

l e t  us take,  f o r  a mean free path of 20 cm i n  air, the  transmission T of t he  

following Kcu l ines :  

X Kq YLn 2 = 25 T = 5 5 %  

X Kcl Ca 2 = 20 T = 10% I 

X KrY si Z = 14 T = 10-4 % 

Thus, t h e  t r a j ec to ry  of these radiat ions should take place i n  a trans- 

Spectrometers f o r  low atomic numbers meet this condition by parent medium. 

producing a vacuum along t h e  radiation path o r  by replacing t h e  air with helium. 

The major d i f f i c u l t y  i s  encountered on t ravers ing t h e  window of the  detector. 

Various techniques have been used f o r  reducing the  absorption by this window; 

first by decreasing i t s  thiclmess and n e x t  by using materials of l o w  densi ty  

such as  mica, beryllium, and p l a s t i c s  (Fomvar, Mylar, Zapon, etc.). 

l a t t e r  can be obtained in minimal thickness and the  consti tuent elements (C, H, 

0, etc. ) have acceptable absorption coefficients.  

mechanical s t rength and, f o r  the  smallest t h i c h e s s e s ,  must be supported on a 

grid. I n  addition, such p l a s t i c  fi lms a r e  necessarily porous so tha t ,  f o r  

preventing a contamination of the  detector gas by oqgen ,  t h e  counter w i l l  have 

t o  be operated with gas circulation. 

These 

However they exhibit  poor 

Therefore, an important purpose of our fu ture  s tud ies  will be t o  invest i -  

gate and t o  design a "windowlessfr counter (Bibl.3) so  as t o  eliminate an int- 

portant cause f o r  t h e  attenuation o f  the fluorescence radiat ion in t ens i ty  of 

l i g h t  elements . 
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b )  Radiation Spectrometry 

To recapitulate,  w e  would l i k e  t o  review b r i e f ly  t h e  problems encountered 

i n  dispers ive spectrometry of so f t  X-rays, 

tutes  a ser ious drawback here. 

used, leaving only t he  choice of synthetic c rys ta l s  o r  l a t t i c e s ,  formed by a 

superposition of fi lms f o r  producing t h e  desired l a t t i c e  spacing. 

The low d i f f rac t ion  y ie ld  consti- 

Conventional d i f f r ac t ing  c rys t a l s  cannot be 

The spectrometric technique used by us i s  based on a su i tab le  select ion /38 

of the  height of the  e l e c t r i c  pulse, furnished by a detector with l i n e a r  energy 

response, 

review t h e  charac te r i s t ics  of this spectrometry f o r  low energies, 

that this type of spectrometry, at low energies, i s  l imited by t h e  background 

of t h e  equipment. 

most a f e w  uni t ies .  

Since the  proportional counter was t h e  detector of choice, we will 

It is obvious 

It w i l l  be necessary to  obtain a s ipal- to-noise  r a t i o  of a t  

The background, accompanying t h e  pulses, usually is  t h e  resul tant  of vari- 

ous and frequently independent phenomena, 

produced by t h e  rad ioac t iv i ty  of  its constituer?ts, by t h e  detection of  cosmic 

radiat ion,  and by electrons ejected from the  walls of the  detector,  

The counter has a na tura l  motion, 

I n  t h e  pa r t i cu la r  case of a counter without window, the  intense background 

t h a t  might be detected w i l l  be discussed fu r the r  i n  P a r t  I1 of this report., i n  

Chapter I V .  

Other causes, both e l e c t r i c  and electronic,  may be responsible f o r  a l a rge  

portion of the  background; these causes are inherent t o  the  instrument and w i l l  

be discussed i n  P a r t  I1 (Chapter 1.3). 

Simultaneously wi th  reducing t h e  background t o  the  lowest possible value, 

an attempt must be made t o  increase the e l e c t r i c  pulse amplitude by the  gas 

amplification factor ,  by the  electron amplification, and by t h e  reduction in 
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t h e  ground-to-anode caFacitance. 

It seems t h a t  nondispersive spectrometry f o r  low energies w i l l  depend on 

the  perfect ion of detection and on the electron amplification. 

The detector,  i n  our case a gas-filled counter, w i l l  rapidly reach an upper 

limit. 

e n e r a  overlaps the  X-ray and ul t rav io le t  regions. The gas s c i n t i l l a t i o n  p h e  

nomena i n  the  counter will cumulate t o  such an extent as t o  prevent any detec- 

tion. 

For example, i n  the  case of the X-K l i n e  of 52 ev of l i th ium,  this 

An analysis  of the main d i f f icu l t ies ,  produced by excitatior, and detection 

of t h e  fluorescence radiat ion of l i gh t  elements, discussed above, resul ted i n  

the  following selection: 

radioactive exci ta t ion source of su f f i c i en t  i n t ens i ty ;  

proportional counter as X-ray detector;  

compact geometry and elimination of t h e  detector window, so as t o  

ensure minimum absorption of fluorescence radiation ; 

spectrometry of the  pulse amplitude. 

The techniques used and the results obtained w i l l  be described i n  P a r t  I1 

of this paper. 
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PART I1 

I* EXPEBIIW!JTAL UNIT 

To increase t h e  y i e ld  i n  the  counting of fluorescence photons, we decided 

i n  favor of a %indowless*r detector, d i f fe r ing  from t h e  conventionally used 

type, 

t ion ;  t o  eliminate this drawback, it was necessary t o  c rea te  an a ~ l i a r y  

e l e c t r i c  f i e l d  in the  v i c i n i t y  of t h e  exci ta t ion source where ionization of t h e  

gas i s  intense. 

device. 

However, the  absence of a window produces some perturbation in t h e  detec- 

These two points represent t h e  novelty in OUT experimental 

Three functional p a r t s  cons t i tu te  t h e  instrument: 

exci ta t ion and detection of fluorescence; 

auxiliary electronic  equipment ; 

i n s t a l l a t i o n  f o r  feeding t h e  detection gas,  

Figure 8 gives a schematic sketch of t h e  overa l l  i n s t a l l a t ion .  

I .1 Excitation and Detection 

An a d i a r y  volume of t he  counter contains t h e  specimen t o  be analyzed 

and t h e  exci ta t ion radioactive source. 

A l ead  cup, containing t h e  source, s tops  the  radiat ion of t h e  l a t t e r  i n  

t h e  d i rec t ion  of t he  detector,  

The absence of separation between t h e  detector  and the  awdliary volume 

imparts a common atmosphere t o  t h e  en t i re  uni t .  

The i r rad ia ted  sample has the  form of a cylinder of 32 mm diameter and 

several  millimeters thickness, 
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1 - X-ray radiator:  specimen t o  be analyzed 
2 - Radioactive source 
3 - Cup carrying t h e  lead  source 
4 - Filament of  t h e  proportional counter 

The preparation of t h e  specimen depends on the  form of the  matter t o  be 

aRalyzed. 

dimensions, such as an aluminum alloy. A heterogeneous material, such as an 

For example, a homogeneous material could be machined t o  desired 

ore  sample, will first have t o  be crushed t o  a grain s i z e  below 100 p, 

this, t h e  powder is pe l le ted  a t  a pressure of 150 kg/m2, using a polyester 

res in ,  Acrest type 7032. 

After 

1.2 The Detector 

A proportional counter, designated as CP 1, was constructed for this 

pa r t i cu la r  investigation ( Eig.8) .  

The brass  body prevents generation of pa ras i t e  fluorescence lines i n  the  & 
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range of t h e  investigated energies. Its useful  diameter of 70 mm pern i t s  satis- 

factory detection a t  the prescribed gas pressures. 

be su f f i c i en t  t o  prevent t h e  so-called end e f f ec t s  produced by the  d is tor t ion  

of t h e  e l e c t r i c  f i e l d  at the  ends. 

The length of 400 mm should 

Various anode filaments were used: s t a in l e s s  s t e e l  wire of 60 P; of tung- 

s ten  50 p; of manganese 50 P. The =ode wire must have a sa t i s fac tory  surface 

f in i sh ,  constant diameter, and suf f ic ien t  mechanical strength f o r  withstanding 

a s t r e s s  of 100 &m on seating. 

I n  t h e  arrangement used, t h e  wire is brazed a t  each extremity in to  a hypo- 

dermic rieedle which, i n  turn,  is brazed t o  a special  VHV lead-in, furnished by 

t h e  S.A.I.P.; this lead-in i s  provided with a guard ring. 

I n  addition, t h e  counter i s  equipped with a conventional s ide  window of 

beryllium of 20 &ma, with a useful diameter of 15 mm. 

the  introduction of a reference ray or t h e  t e s t i n g  of both counter and apparatus. 

T h i s  window permits 

The charging c i r cu i t ,  used i n  the counter, is shown in the  accompanying 

wiring diagram. 
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Character is t ics  & 

If AQ i s  the  e l e c t r i c  charge collected a t  the  anode, then the  variation i n  

maximum voltage a t  t h e  anode, f o r  an i n f i n i t e  charge res i s tance  R,  w i l l  be AV = 

- - -  @ , where C i s  t h e  d is t r ibu ted  capacitance, from t h e  anode up t o  the  gr id  of C 

t h e  input  tube of the  preamplifier: 

where 
Cc  = capacitance from t h e  anode t o  the  output terminal o f  t he  counter; 

C p A  = capacitance of t h e  input terminal from t h e  preamplifier t o  the  first 

tube. 

These capacitances are measured a t  a frequency of 1 kc, with a H & r i X  h- 

pedance bridge. 

C c  = 16 wpf 

CpA = 20 wf whence C = 36 ppf . 
(PAK 1 

The resolution of the  counter w a s  measured repeatedly with an external Fe5“ 

source and a mixture of A + 1% CH4. 

energy of 5.898 Kev, corresponding t o  the K q  emission of manganese; t h e  K& 

radiat ion of 6.49 Kev is  f i l t e r e d  through a thickness of 28.6 mg/cm” chromium, 

A resolut ion of 16.2% w a s  obtained f o r  an 

Measuring t h e  G a s  Amplification Factor 

The detection of an a-radiation of su f f i c i en t  energy permitted d e f i r h g  the  

operating regimes of t he  counter by p lo t t ing  (F’ig.9) t h e  r e l a t i v e  height of t h e  

pulse as a function of a var iable  anode voltage. 

The Q’-radiation, used above, w a s  produced by a residual  contamination by 

Po210. The counting r a t e  is about 10 c/sec and the  mean detected pulse c o r r e  
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Fig.9 Variation i n  Pu l se  Amplitude, Produced by t h e  Counter 
as a Function of t h e  Anode Voltage 



sponds t o  an energV of 2 Mev. 

+ 1% C&, a t  a pressure of 700 mnt Hg. 

This radiation i s  detected i n  t h e  mixture A + 

The pulse height i s  measured by means of a Tektronix oscilloscope, equipped 

with a 53 B sl ide-in chassis. 

For a given point of t he  curve, the gas amplification f ac to r  A is known 

from the  r a t i o  of the pulse height at this point  t o  that on the  charac te r i s t ic  

plateau curve of the ionizat ion chamber, where A = 1, 

For A = 1O00, an overshoot appears on the  pulse, making it necessary t o  

modiry the  integrat ion constants and t h e  d i f fe ren t ia t ion  of the  amplifier. 

Any pulse deformation w i l l  in,fluence the  low-energy spectrum and deterio- /SO 

r a t e  t h e  resolution. 

1.3 ELectronic Ci rcu i t s  

The electronic  c i r c u i t s  must have adequate and linear amplification, so as 

t o  ensure the  lowest possible  background. 

The elements of this c i r c u i t  a r e  shown i n  Fig.8; 

The VHV feed of t he  anode (S.A.I.P.) is  regulated t o  within a few 

The preamplifier used w a s  e i ther  t he  standard CFA* PJFB 1 o r  our own 

construction, designated as  PAK; 

The amplifier w a s  of t h e  AP 1 0  type, of t h e  CEA standard; 

The amplitude se lec tor  was o f t h e  single-channel S.A.I.P. type; toward 

t h e  end of this work, w e  used t h e  ,!+OGchannel Intertechnique SA 40 type, 

The detection of weak e l e c t r i c  signals requires  numerous measures t o  elimi- 

nate the  background as f a r  as possible. 

spec i f ic  condition. 

The mater ia l  w a s  se lected t o  meet this 

The continuous VHV voltage must be freed of periodic or 

* CEB = Atomic Energy Commission. 
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random coqoner.ts. Sicce t h e  background, due t o  electron q l i f i c a t i o n ,  i s  de- 

termined la rge ly  by the  first preamplifier stage, special  a t ten t ion  was paid t o  

this c i r c u i t  elemect. 

The c i r cu i t  diagram of the  PAK preamplifier, constructed i n  our laboratory,  

i s  given i n  Fig.28: 

Heating: 6.3 v, continuous 

Gain of 65, measured t o  within *lw 

Input capacitance: 20 wf 

Background fed  back t o  the i z p u t :  rnv i.e., 16 CLV. 65’ 
The AP 10 amplifier has a gair, of 20,000, which can be regulated by a 

damper a t  t h e  input. 

delay l ine .  

Pulse shaping i s  made possible by an RC c i r cu i t  or by a 

A dephaser permits t h e  output of a signal of desired sign. 

We performed an energy calibration of the  r ise i n  i n t e n s i t y  of t h e  back- 

ground at  low energy. 

source, external t o  t h e  counter. 

The reference energy of 4.5 Kev i s  furnished by a €?/Ti 

The operating conditior,s of t he  detector y ie ld  a measured gas amplifica- /52 

t i o n  f ac to r  of 6,150. 

A t  t he  t o t a l  e lectron gain of 650,000, the rise i n  background starts a t  an 

erergy of 30 ev. 

The f i l l i c g  gas f o r  the  detector CP 1 is a mixture of A + l@ CH4, at a 

pressure of 600 mm Hg. 

I .4 Gas-Filling of t h e  Counter 

The block diagram i n  F i g A  represents the  d is t r ibu t ion  c i r c u i t  of the  f i l -  

l i n g  gas. 

or i n  circulation. 

T h i s  c i r c u i t  makes it possible t o  operate the  counter e i the r  closed 
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A vacuum pump ensures proper gas f l o w  for pressures below atmospheric; i n  

addition, t h e  pump permits an evacuation of t he  counter before r e f i l l i n g  with 

gas. 

Two needle valves of the  Edwards type adjust  t he  charge of t h e  c i r cu i t  up- 

stream and downstream of t h e  counter. 

pressure i n  t h e  counter and adjustment of t h e  flow, controlled by a spirometer, 

A metal Bourdon-type pressure gage measures t h e  absolute pressure ir, t h e  counter. 

These valves p e d t  a regulation of t h e  

The guaranteed water and oxygen content of t h e  gas furnished by t h e  '=quid 

A i r "  Corporatioc is  less than 5 Fpm; t o  maintain this puri ty ,  complete t ightness  

of all tubing i s  essential .  

A magnesium perchlorate column i s  used f o r  monitoring possible dehydration 

of t h e  gas flux. 

Pressure Regulation of t h e  Counter 

I n  gas circulation, t h e  pressure regulation of t he  counter over t h e  valves 

A and B generally results i n  a deviation of t h e  pressure value. T h i s  makes it 

necessary t o  regulate t h e  pressure, i f  i t  i s  desired t o  work with gas circula- 

tion. 

t he  "positionl* of t h e  peak produced by a source of constant in tens i ty ,  by modi -  

fying t h e  pressure over t h e  intermediary of t h e  valve B. 

A successfully tes ted  pressure control method consis ts  i n  s tab i l iz ing  

The posi t ion of a given peak characterizes t h e  power response of t h e  in- 

s t a l l a t ion ;  ir, a discrimination curve, t h e  flank of this peak corresponds t o  

the  threshold D. 

The i r t eg ra to r  f o r  this threshold D furnishes the  s ignal  S which could & 
vary by AS i f ,  f o r  t h e  same discrimination threshold, t h e  posi t ion of t h e  peak 

varies , 
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where 

For a l i n e a r  response of t h e  system, w e  have 

i S k . E Ircr 

k = constant 

E = detected energy 

Ag = gas amplification 

= electron amplification. 

I f  P denotes t h e  pressure of t h e  counter, w e  have 

Ag = f1 (P)  ( see  Section 11.2 i n  Pa r t  I )  and 

s = fa(P). 

i 
t 
b 

Threshold 
Vol t.9 

Thus, it i s  possible  t o  s t a b i l i z e  t h e  posi t ion of t h e  peak by influencing 

t h e  pressure P; such a s t ab i l i za t ion  will be possible  f o r  any var ia t ion  i n  t h e  

parameter a f f ec t ing  S. 

However, this method i s  applicable on ly  i f  t h e  parameters o ther  than P are 

subject t o  minor f luc tua t ions  only. 

I n  f a c t ,  too l a r g e  a var ia t ion i n  pressure, for cornpensating a var ia t ion  i n  

another parameter, w i l l  lead t o  a deter iorat ion in ef f ic iency  of t h e  counter and 

w i l l  cause operation outs ide of t h e  proportional region. 

Figure 10 shows t h e  wiring diagram of t h e  comparator and amplifier. 
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Fig.10 Wiring Diagram of the Pressure Control 
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Block Diagram for Stabi l izat ion of t h e  Energy Response 
of the Counter 

11. EXPERIMIBTAL CONDITIONS 

Under the  above-described conditions of fluorescence excitation of t h e  

specimen and i t s  detection by a windowless counter, a continuous spectrum i s  

generated which prevents spectrometry of t he  radiation emitted by t h e  specimen, 

Under t h e  hypothesis that this noise i s  due t o  scat ter ing,  in t h e  detection 

volume, of e l e c t r i c  charges other  than those produced by the  detection of fluo- 

rescence photons i n  the  gas, w e  attempted t o  a t tenuate  t h e  effect  by col lect ing 

these stray charges i n  an auxiliary e l ec t r i c  f ie ld .  

I n  this Section, w e  will invest igate  t h e  influence of such an awdlial-g 

e l e c t r i c  f i e l d ,  const i tut ing an indispensable parameter, The optimum f i l l i n g  

pressure and t h e  excitation geometry define parameters whose influence on t h e  

counting rate or t h e  yield of t h e  detector will be investigated below. 
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We w i l l  describe experiments i n  which 0.5 mC of Fe"5 was used a s  exci ta t ion 

source. 

11.1 A m d i a r y  Elec t r ic  Field 

Without spec ia l  precautions, a continuous spectrum i s  detected whose in- 

t e n s i t y  decreases rapidly from zero energy t o  an energy la rge ly  corresponding 

t o  that of the  fluorescence of t h e  specimen. The detect ion of  a fluorescence 

peak is  made possible by establ ishing an e l e c t r i c  f i e l d  Ea i n  the azudliary 

volume. 

The voltage V, applied t o  t he  anode of t he  counter, creates t h e  e l e c t r i c  

f i e l d  whose value, a t  a distance d f r o m  the  anode, w i l l  be 

I n  t h e  absorption volume, the e l ec t r i c  f i e l d  w i l l  be considerably below 

this value of , because of t h e  deformation of t h e  l i n e s  of force. 

The e l e c t r i c  f i e l d  Ea, having a direction opposite t o  that of a ,  is  estab- 

l i shed  by imparting a posi t ive potent ia l  o r  a countervoltage (CV) t o  t he  elec- 

trode, composed of t he  specimen holder and the  specimen i t s e l f ,  i f  t he  l a t t e r  

i s  a conductor. 
-8 4 

The resul tant  f i e l d  E = 2 1  + Ea w i l l  be a function of the 

variable CV. 

Figure 11 indicates  t he  influence of this e l e c t r i c  f i e l d  Ea on t h e  detec- 

t i on  of t h e  K lines of fluorescence of the  elements Al, A ,  and Mn. These /58 
lines a r e  produced, respectively, by a ta rge t  of pure aluminum, by the  argon of 

the  detection gas (A  + lo$ CH4, pressure of 190 mm Hg), and by t h e  radiation of 

the  Fe5' exci ta t ion source. 
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Arrangement of t he  Electrode Creating t h e  A d l i a r y  Field 

It should be mentioned here that t h e  excitation source, i n  i t s  immediate 

v i c in i ty ,  creates a zone of high ion density, and that t h e  presence of a weak 

e l e c t r i c  f i e l d  w i l l  contribute t o  es tabl ishing conditions favorable f o r  in tense  

ion recombination. 

The e l ec t r i c  f i e l d  Ea permits t he  col lect ion of f r e e  electrons of low 

energy, which are abundantly present i n  this strongly i r r ad ia t ed  zone. 

I n  p rac t i ca l  use, t he  value of CV on which Ea depends, w i l l  be so selected 

as t o  obtain the  optimum peaking r a t i o  of t he  fluorescence peak. 

I1 . 2 I r rad ia t ion  Geometry 

The various sources used i n  our work a r e  cent ra l ly  arranged i n  t he  auxili- 

A source of r ing  shape would a l so  a r y  volume, f o r  i r r ad ia t ion  of t he  specimen. 

be advantageous t o  use. 
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A t f o x  crcl 
Pressure 190 k 

Fig.l l  Influence of the Countervoltage on Detection 
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Below, w e  are giving t h e  posit ion of the  source with respect t o  the  /60 
specimen and the  counter, 

a = distance between source and specimen, 
d = f i c t i v e  input distance between proportional counter 

and specimen, 

The parameters a and d define the  i r r ad ia t ion  geometry and influence t h e  

s o l i d  acgles of specimen i r r ad ia t ion  and detection. 

Figure 1 2  shows theva r i a t ions  incount ing r a t e  N as a function of the  

values of a and d; t h e  peaking r a t i o  r is plo t ted  as a function of d. These 

tests were made on t h e  fluorescence peak K of an a.l.udfium specken,  excited by 

an  FE?" source, 

The other experimental conditions included 

gas A + 1% CHI a t  200 mm Hg; 

countervoltage, 130 v. 

The plot ted value E corresponds t o  t h e  height of t he  peak, giving t h e  so- 

ca l l ed  low-energy background. 

With the  above parameters, t h e  curve N = f ( d )  ind ica tes  t h e  importance of 

F o r  d = '7 mm, a variatioE of only 1 mm i n  proper posit ioning of t h e  specimen, 

t h i s  parameter w i l l  l e ad  t o  var ia t ions i n  the  counting rate of 1%. 

From Fig.12, w e  obtain t h e  following optknum values, which will be used 

below: a = 5 mm; d = '7 mm. 
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For prac t i ca l  reasons, we were unable t o  reduce the  distance d t o  l e s s  than 

7 m. 

ing  d. 

It should be noted that the  signal-to-noise r a t i o  improves with decreas- 

11.3 Optimum F i l l i n R  Pressure 

11.3.1 Calculation of Optimum Pressure 

/62 

Below, we will ca lcu la te  t h e  pressure of t h e  f i l l i n g  gas f o r  a counter, 

giving maJdmum yie ld  f o r  counting of fluorescence radiation at  p r e d e t e h e d  

parameter values . 

I I 

Parameters and Data 

d = distance between specimen and f i c t i v e  input of t h e  counter, d = 
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= 0.7 m; 

a = dis ta rce  betweer! source and specimer,, a = 0.45 cm; 

cb = diameter of t h e  proportional counter, @ = 7 cm; 

6 = mean f r e e  path of t he  excitation radiation, yielding X-ray fluo- 

rescence p rac t i ca l ly  perpendicular t o  the  surface of t h e  specimen; 

here, f o r  cp, = 270, 6 1 cm; 

p = spec i f ic  mass of t h e  gas (P,  T)n ; 

A = a c t i v i t y  of t h e  source. We consider here t h e  i n t e n s i t y  4 emitted, 

i n  a th in  beam, by the  surface of t h e  source. A t  t he  surface of 

the specimen, after covering a path 6 in the  gas, t h e  in t ens i ty  dNe 
8.6 

of this exci ta t ion beam w i l l  be dNe = 4 e 9 

kbe = mass absorption coeff ic ient  in t he  gas of the  excit ing radiat ion A,; 

+ f  = mass absorption coeff ic ient  i n  the  gas of t h e  fluorescence radia- 

t ion  h f ;  

dN0 = fluorescence flux, induced by t he  excit ing beam and emitted a t  the  

specimen surface at ar, emergence angle of 90’; 

dNc = counting r a t e  of t he  fluorescence dNc = dEa1 - ma. 

According t o  the  formula obtained i n  P a r t  I, Section 111.1, giving the  

i n t e n s i t y  of fluorescence at  the  surface of the specimen, w e  have 

e- w e (I;  is a constant) 

e- I.L e . m.6 e- CI i.m.d . (1 - P f  ... I). 
1 

dNo 5 d1 . K . 
dNc = dI . I . 

If m denotes the  mass of the  gas p e r  cm” a t  a pressure P, then 
P : P 

m = -  
pN 
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Let us define t h e  expressioc of maximum dNc as a function of P; we neces- 

s a r i l y  must have 

d Ne 

d P  
0 -I 

For maximum dNc, t h e  optimum pressure Po will be 

Application a t  t h e  Following Conditions 

3 Fi l l i ng  gas Ar + 10% CHI 

Excitation source Fg’, h e  = 2.1 i CLe = 240 m2/p 

p = 1.563 x gm/cm 

Specimen aluminum, A f  = 8.34 A p f  = 1100 m2/p 

Countervoltage ( C V )  = 130 V. 

With this, w e  f ind  PO = 138 mm Hg. 

Figure  13 gives the  var ia t ion in counting rate N c  as a function of t he  

pressure according t o  t h e  parameter d. 

An experimental curve i s  a l s o  given, showing a deviation from the  calcu- 

l a t e d  curve, The optimum observed pressure P, i s  190 mm Hg, and a t r ans fe r  of 

t he  observed pressure ind ica tes  t h a t  the value of d used in t h e  calculation had 

been overestimated. 
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11.7.2 D e t e m h a t i o n  of t.he Absomtion Volume 

The presence of t h e  source holder, connected t o  ground, creates perturba- 

t i ons  i n  the  resul tant  e l e c t r i c  f i e l d  i n  the  v ic i rd ty  of t h e  specimen. Because 

of this f a c t ,  separation of t he  absorption and detection volumes does not occur 

along a plane surface. 

surface i s  calculated i n  accordance with t h e  real optimum pressure found ic 

Fig.13, this value of dr w i l l  be representative on ly  f o r  a mean distance. 

Thus, i f  the  distance dr from t he  specimen t o  this 

According t o  Fig.13, w e  have p, = 138 

P* = 190. 

The detection volume i s  represented by 

from which w e  o the equation 

760 1100 (7.7 - d,) 

1100 . 1.563 (7.7 - dr) 10 + 1100 d, 

From this, w e  derive 
d, = 0.08 cm . 

/66 

Another determination of dr w a s  made by exciting a ti tanium ta rge t  by Fe5', 

with t h e  geometry 

On separat i rg  t h e  auxi l iary volume f r o m  the  proportional counter by a 

beryllium window of  1/10 mm thickness, t h e  optimum pressure Pr w i l l  be found t o  

d i f f e r  l i t t l e  from the  calculated value of  PO. 

The aml ia rg  volume and the  counter volume a r e  under iden t i ca l  conditions 
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of gas filling, A measurement of Pp without window, y ie lds  

T h i s  value of dr made it possible t o  p lo t  the  curve f o r  the  real opthum 

pressure as a function of t he  atomic number of t h e  excited element, 

T h i s  curve  NO,^ i s  va l id  only under the  following conditions: 

a = 0.45 cm 

d = 0.70 cm 

dr = 001 QB. 

The absorption coeff ic ients  a r e  taken for f i l l i n g  of the  counter with a 

mixture of A + lO$ CHI. 

The FeS5 exci ta t ion source emits X-ray radiation of 2.1 i, 
For very l i g h t  elements ( Z  < lo), t h e  f i l l i n g  pressure will become too low; 

therefore ,  it is  of advantage t o  use a gas of low density, such as a mixture 

of He and Ch. 

1110 QUALITATIVE AKALYSIS OF THE ELEXENTS OF THE SEZOND 
AND THIRD PEKCODS 

/68 

111.1 Selection of t he  Detector Gas 

The theore t ica l  considerations developed i n  P a r t  I, Sectior! 11.2, induced 

us t o  use a mixture of r a r e  gases and polyatomic gases; t h e  "Liquid A i r "  Corpo- 

ra t ion  has various mixtures of these detector gases on the  market. 

The element t o  be analyzed, depending on the energy of its fluorescence 

radiat ion,  determines t h e  select ion of t h e  gas mixture, The optimum pressure, 

depending on the  geometry used, defines t h e  y ie ld  of t h e  detector. T h i s  pres- 

sure, which i s  a function of the  density of t he  mixture, should be kept within 

reasonable limits, 
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The position of the leakage peak w i t h  respect t o  the  e n e r a  t o  be detected 

represents s t i l l  another c r i te r ion  f o r  select ion of  the  gas. 

Leakage Peak 

The X-ray radiat ion t o  be detected, of an energy hv, produces ionizat ion 

and exci ta t ion of t h e  gas. 

e j ec t  an  electron f r o m  t h e  K she l l  of the  r a re  gas, where t h e  binding energy of 

photoelectric e f fec t ,  t he  photon hv is able  t o  

this s h e l l  i s  EK. This photoelectron loses  i t s  e n e r a  hv - EK by ionization of 

t h e  gas. 

I f  an Auger rearrar,gement of t h e  gas atom takes place,  an Auger electron 

of energy Ea -  EL is emitted within 10-l' sec a f t e r  e ject ion of the  photo- 

electron. I n  that case, the  t o t a l i t y  of energy is  collected: 

1 
h V - % + s - 2 %  h V ,  

If a fluorescence rearrar,gement is  involved, t he  emitted photon of energg 

EK - EL w i l l  have a low probabi l i ty  of being absorbed i n  t he  gas. 

the  coui ter  absorbs t h e  energy hv - EK. 

I n  that case, 

Thus, the  spectrum w i l l  contain the energy peak hv and another peak known 

as  "leakage peak" of an energy hV - EK. 

Fluorescence of t h e  G a s  

I n  t h e  auxi l ia ry  volume, close t o  t h e  source, t he  gas atoms a r e  strongly 

excited and a r e  able  t o  emit fluorescence which is superposed t o  the detected 

spectrum. 

For  an ar,alysis of elements of the t h i r d  period, t h e  gases A and Ne /70 

permit working a t  admissible pressures; gases such as He and t h e  pure poly- 
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atomic gases are especial ly  su i tab le  f o r  eleaents of t he  second period. 

If t h e  leakage peak  or t he  fluorescence peak of A and Ne in t e r f e re  with 

t h e  ,fluorescence of t h e  element t o  be analyzed, these gases could be replaced 

by l i g h t  gases that give IIO paras i te  peaks; i r  that case, a lower detection 

y i e ld  must be tolerated.  

I n  Fig.15, t h e  peak of su l fur  i s  detected i n  t h e  mixture H e  + 9% CHI, 

with a lower detection yield,  and in t h e  mixture A + 1% C H 4  where t h e  argon 

peak encroaches OE t h a t  of t he  sulfur. 

111.2 Excitation Sources Used 

Various radioactive sources were used for exciting fluorescence of the  

elements of t he  t h i r d  and second period: 

8 /zr i3 - X emitter 

X e t t e r  Fe55 

Poa1* CY emitter. 

The sources described here were cot produced spec i f ica l ly  f o r  this study; 

they were avai lable  at t h e  laboratory or were taken from regular production. 

Below, w e  will give t h e  results obtained with each type of source, t h e  

. conditions of t h e i r  use, and t h e  advantages or disadvantages encountered. 

T r i t i u m  (half-life, 12.26 years), when adsorbed on zirconium, emits 8- 

par t i c l e s  of  a maximum energy of 18 Kev; these e lec t rom induce a secondary 

X-ray radiat ion by bremsstrahlung and exci ta t ion of t h e  fluorescence of t h e  

metal of t he  holder. 

Figure 7 shows t h e  detected spectrum of such a source. 
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Fig.16 KO, A1 Line, Excited by a $/Zr Source 
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The source used, having ar ac t iv i ty  of approximately 0.8 curie, i s  designed 

as a t h i n  disk of 10 mm diameter. 

Bccitatior: geometry: a = 0.35 cm /72 
d = 0.70 cm, 

Figure 16 shows t h e  X-Ka peak of dtuminum, excited under t h e  mentioned 

conditions. 

t h e  counter envelope, as well as the intense fluorescence peak of argon. 

The diagram shows t h e  Kcr peak of copper, produced by excitation of 

I n  Fig.17, t h e  aluminum peak occurs a t  50 v. 

Figure  18 gives the  in t ens i ty  of this peak i n  accordance with the  filling 

pressure. 

justed by var ia t ions i n  t h e  very high voltage (VHV). 

countervoltage (CV) i s  given a value such that the background w i l l  r e m a b  con- 

s t an t  a t  20 c/sec, at  the  10-v posit ion of t he  spectrum. 

A t  constant electron gain, t he  posit ion o f  the  peak at 50 v i s  ad- 

On the  other  hand, t h e  

A t  a constant pressure of 480 mm Hg, Fig.19 shows the  var ia t ions i n  the  

background and in t h e  peaking r a t io  r, as a function of t h e  CV. 

For aluminum, the  optimum pressure i s  located near 100 xcm Hg; the  preced- 

ing  diagrams show the  d i f f i c u l t y  of  going down t o  this pressure without r a i s ing  

the  CV t o  a r e l a t ive ly  high value. 

t h a t  this d i f f i cu l ty  apparently i s  due t o  t h e  high a c t i v i t y  of the  source ra ther  

than t o  its nature. 

I n  t h e  next Chapter, we w i l l  denonstrate 

A major drawback of this source was a contamination of t he  f i l l i n g  gas and 

o f  t h e  counter casing by the  t r i t i u m .  

The l ibera t ion  of t r i t i u m  from the source could be reduced by not producing 

a vacuum before f i l l h g  the counter or by using special  sources w i t h  a very th in  

aluminum coating. 

contamination. 

I n  addition, c i rculat ion of gas w i l l  lMt the  effect  of 
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The sou.rces of  adsorbed t r i t i u m  have a high specif ic  a c t i v i t y  and t h e i r  

X-ray emission has a su f f i c i en t ly  low e n e r a  f o r  properly exci t ing t h e  fluo- 

rescence of l i g h t  elements. 

r 
1 + 

Elements Type of Target No. of F i e  

c1 Polyvinyl chloride 22 

6 Pelleted sulfur 1s 

A 1  A 1  a0 

Mg Ma 23 
c I 

111.2.2 Fe'" Source 

The Fe5', by K capture, emits  

55 zpe + - 1 eK~-e25Yn ' ' 
which is  the  Ka, fluorescence radiatior, of mangar,ese a t  5.898 Kev. 

L21t The ha l f - l i f e  of this source i s  2.7 years. 

The source was designed a s  a d i s k  of 5 mm diameter, with an a c t i v i t y  of 

0.5 mC. 

I r r ad ia t ion  geometry: a = 0.45 cm 

d = 0.70 a. 

With this source, of less ac t iv i ty  than  t h e  other  source, t h e  background 

at  low pressure remains acceptable, s o  that it is  possible to t r a c e  t h e  fluo- 

rescence spectrum of an aluminum target (Fig.20) a t  the optimum pressure of 

190 mm Hg. 
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Fig.20 KCY A l  Line, Excited by an Fe55 Source 
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In Figt21, t h e  var ia t ions in the  background a t  6 v on the  spectrum No.20 

a r e  p lo t t ed  as a function of the  CV. 

The peaks, appearing a t  5.9 Kev, a r e  due t o  back scat ter ing,  on the  t a rge t ,  

of exc i t e r  photons of 5.9 K e v  energy. 

The in t ens i ty  of t h e  peaks of l i g h t  elements, such as A 1  and Mg, could be 

increased by using exci ta t ion sources of higher ac t iv i ty .  

I 
Specimen 

I 

4 

Excitation by central source Excitation by ring mwaa * 

I n  t h e  cent ra l  geometry, t h e  increase i n  a c t i v i t y  of t h e  source dfl /76 
lead t o  an increase i n  i t s  surface and thus t o  a shadow ef fec t  which becomes 

prohibit ive.  The use of a r ing  source would permit a greater a c t i v i t y  at  an 

acceptable shadow effect .  

For a high ac t iv i ty ,  t h e  central  geometry can be retained i f  a Fe"" source 

of high spec i f ic  a c t i v i t y  i s  available. 

t he  Oak Ridge cyclotron over the reaction Yin + p. Specific a c t i v i t i e s  of 

800 mC/mg a r e  obtained, permitting the production of quasi-point sources. 

T h i s  pa r t i cu la r  Fe5" i s  produced i n  

111.2.3 Po2lo Source 

The p rac t i ca l ly  pure Po2'' emitter of a -par t ic les  with 5.3 MeV has  a half- 

l i f e  of 138 days, 

C.E.A. source, of the SA 2 type: 

This radioisotope has been used i n  the  form of a standard 

outer  diameter, 16 mm 

mica window of 1 mg/cm2 
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Fig.22 KCY Peak of Chlorine 
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Fig.23 Kcr Peak of Magnesium 
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I .  

a c t i v i t y  of t h e  source, 6 mC 

adopted geometry, a = 0.4 t o  0.5 cm. 

I n  exci t ing an aluminum targe t ,  a strong background i s  observed at the  

optimum pressure of 190 mm Hg. 

gmtmd on increasing t h e  pressure. 

The fluorescence peak separates from the  back- 

The CY path and the  volume of the  plasma can 

be l imi ted  by increasing the  pressure. 

Figure 24 shows t h e  character is t ic  KCU peak of aluminum, f o r  a pressure of 

725 mm Hg. 

The in t ens i ty  of t h e  peak is pa r t i cu la r ly  high; we counted 2460 c/sec a t  a 

reduced background and a peaking r a t i o  of 10. 

The experiments with this par t icu lar  source had t o  be interrupted, due t o  

210 coctaminatiori of t he  counter with Po . The f ac t  that a pressure drop occurred 

i n  t h e  counter no doubt permitted t h e  polonium t o  migrate through the  mica. 

Bouteil ler (D.R.E.) studied and developed a model source of t h e  type SA 3 

of reduced dimensions, provided with a s t a in l e s s  steel. window of 6 p thickness. 

After  vacuum t e s t s  and prac t ica l  operation over a period of several  months, 

these sources were fourid per fec t ly  t i gh t  and thus completely uncontaminated. 

The accompanying sketch shows the  geometry of t he  i r r ad ia t ion  used, with 

t h e  type SA 3 source. 

Specimen 
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This steel W ~ E ~ O I I I  noticeably decreases the  energy of the  emitted cr-par- 

t i c l e s ,  but imparts a much greater  ruggedness t o  this type of source. 

A t  t h e  time of  i t s  use, the source had an a c t i v i t y  of  about 0.8 mC. 

The exci ta t ion by this source of elements of the  second period gave in- 

t e r e s t i n g  results; the  Ka l i n e s  of f luor ine  and carbon were detected in a satis- 

fac tory   mer. 

A p l a t e  of LiF const i tutes  the  i r rad ia ted  ta rge t  ar,d t h e  X-ray fluorescence 

emitted by it i s  detected i r  pure methane. 

Figure 26 gives th ree  radiation spectra detected a t  various pressures of 

t he  gas. 

A t  a pressure of 500 mm Hg, the  detection y ie ld  is low f o r  the  KaF l i n e  of 

t h e  ta rge t .  Conversely, t he  Ka l b e  of t h e  carbon of  t h e  CHI gas i s  strongly 

excited i n  t he  absorption volume and manifests i t s e l f  i n  a r e l a t ive ly  intense 

peak. 

Detection of t h e  X-ray radiation Ka of f luor ine  gives a peak of an intensi-  

t y  increased at  the expense of t ha t  of carbon, at a pressure of 200 mm Hg. 

The optimum pressure for t he  detectiori of  t h e  KaF l i n e  i s  70 mm Hg. The 

peak of  carbon is  p rac t i ca l ly  nonexistent i n  t h e  spectrum. 

To reduce t h e  contribution of the Kcr l i n e  of t he  carbon i n  the  gas t o  t h e  

spectrum, it is suggested t o  use a g a s  mixture of, f o r  example, H e  + CH4 which 

would have the  advantage of increasing t h e  opthum detectior! pressure f o r  t he  

elements of t he  second period. 

The use of an a-source does not permit application of t h e  re la t ion  f o r  t he  

optimum pressure, as derived i n  Section 11.3. I n  this case, t h e  energy l o s s  of 

t h e  a -par t ic le  i n  the  gas must be taken i n t o  consideration, s ince  the  eff ic iency 

of exc i t a t io r  of a given element depends on t h e  energy cf t h e  pa r t i c l e ,  i n  
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I V .  BACKrnOUND AT LOW E;NERGY /81r 

The elindnation of t h e  counter window introduces t w o  new fac tors  with re- 

The f i r s t  i s  the  p o s s i b i l i t y  t o  detect  elec- spect t o  conventional detection, 

t rons  coming from the  au&L.iarg volume and the  second is the  creation of a 

strongly ionized zone i n  the  atmosphere of the  proportional counter. The basic 

phenomena, acconpanying these two fac tors ,  a r e  schematically given below: 

ion recombination 

gas s c i n t i l l a t i o n  

sca t te r ing  of f r e e  electrons 

defonration of t he  e l e c t r i c  f i e l d  

detection of Auger electrons 

1 Creatior. of a plasma 

r detection of low-energy f r ee  electrons,  

W i n d o w l e s s  proportional 
counter 

Under these conditions, the  fluorescence t o  be detected i s  masked by a 

continuous spectrum havirg an in tens i ty  that increases toward low energies, 

I n  this Chapter, we w i l l  discuss the  phenomena believed t o  be correlated 

w i t h  t h e  background. For cer ta in  hypotheses (Auger electrons, d i s tor t ion  of 

the e l e c t r i c  f i e l d ) ,  experiments weremade i n  an attempt t o  substant ia te  these 

assumptions, 

I V . 1  Auger Electrons and Free Electrons 

The Auger e lec t rom,  created i n  t h e  t a rge t ,  have a k h e t i c  energy of EK - 

-  EL; on ar r iv ing  i n  t he  detection volume, this energy is  decreased on travers- 

a l  of a portion of the  t a r g e t  and t h e  gas i n  t h e  a w d l i a r g  volume. 

t r o r s ,  on a r r iv ing  i n  t h e  detection volume, exhibit  a continuous spectrum of 

The elec- 
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After  having s t ipulated L e  hypothesis t h a t  t h e  obtained continuous spec- 

trum w a s  due t o  a detection of low-energy electrons resu l t ing  from the  creation 

of Auger electrons in t h e  t a rge t ,  t o  sca t te r ing  of f r ee  electrons of t he  

plasma, and t o  sca t te r ing  by electmns ejected from the  w a l l s  o f  t he  counter by 

X-ray radiat ion,  we studied the  poss ib i l i ty  o f  col lect ing these undesirable 

e lectrons by an e l ec t r i c  f ie ld .  For this, ar: e l e c t r i c  f i e l d  Ea, as described 

i n  Section 11.1, is  established i r ,  the  a ~ l i a r y  volume. 

foxmation of t h e  continuous spectrum under the  influence of this f i e l d ,  to- 

gether with t h e  fluorescence peak emerging from t h e  background, fo r  a suff i -  

c i en t ly  high value of t h e  countervoltage. 

/85 

Figure U. shows a de- 

IV.1.2 F!lar Window 

An experimental assembly w a s  constructed f o r  stopping t h e  electrons ernerg- 

ing  f r o m  the  a m l i a r y  volume and thus preventing t h e i r  detection. 

sumed t h a t  t he  energy o f  these electrons does not exceed 5.89 Kev, which would 

correspond t o  that of t he  photons of the Fes5 excitation source. 

It is as- 

A Nylar window of 1 mg/cm2 stops most of these  electrons (Bib1.55). The 

design was so arranged that t h e  awdliary volume was at  the  same atmosphere and 

pressure as t h e  counter. 

A t  t he  indicated dimensions, t h e  FeS5 exci tes  an aluminum ta rge t ,  Kcr A 1  = 

= 8.34 1 o r  1.48 Kev. 

The detection gas used was A + 10% CHI, a t  a pressure of 190 mm Hg. 
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da 

l 

a 0.5 em f 

I 

d = 0.8 f 0.4 em 1 

, 

The obtained r e su l t s  are given below: 
. - -  

Let us use a r a t i o  between peaks of 

23 

56 
0.397 . - a  

The transmission of t h e  window f o r  a radiat ion of 8.34 w i l l  then be 

@m = m2/gm 1 (Bib1.56) 
-3 

= 0.428. -8 5 0 x 1  X 10 from which we obtain t h e  transmission as e 

/86 

Transmission of the  gas: 

Assuming that the  Mylar is  deformed and follows t h e  contours of t h e  source 

holder, as mentioned above, t he  distance d w i l l  be equal t o  a ,  i.e., 0.5 cm. 

I n  t h e  experiments without window, we must take in to  consideration an ab- 

sorbing gas l ayer  (Section 11.3.2) whose thickness of 0.1 cm i s  known with an 

accuracy of the order of 20%. I n  experiments with window, t h e  absorbing gas 

l ayer  w i l l  then be d = 0.1, i.e., 0.5 - 0.1 = 0.4 cm. 
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I .  

The mnss absorption coeff ic ient  of t he  gas reads: 

Wm * 1050 cm2/gm 

and the  t r a n d s s i o n  then i s  e - 1 0 ~ , ~ 1 3 e ~ 1 0 - ~ , + +  x a 4  = 0.903. 

determined t o  within 3.3$, because of the inaccuracy of t he  geometry. 

T h i s  value i s  

The t o t a l  transmission then becomes 0.903 x 0.428 = 0.387. 

This value d i f f e r s  by -2.5% from the in t ens i ty  r a t i o  o f  the  peaks, but can 

be explained by the  geometric indeterminacy. 

According t o  the  above statements, t h e  detection of electrons coming from 

the  auxi l ia ry  volume i s  a denonstrated cause of t he  low-erergy background. 

auxiliary e l e c t r i c  f i e l d  permits col lect ing the  f r e e  electrons of t h e  lowest 

energies and thus prevents t h e i r  sca t te r ing  toward t h e  counter, 

The 

For a = 0.5 and CV = 250 v, the  maximum e l e c t r i c  f i e l d  will be 500 v/cm. 

I n  t h e  source - specimen space, t h e  electrons of an energy below 500 ev can then 

be collected. 

IV.l,,? Pressure /87 

To pemLt proper collection of the electrons supposed t o  be i n  energy 

equilibrium, it would be useful t o  decrease t h e i r  velocity.  

co l l i s ions  between ions impart a veloci ty  w t o  these ions, whose expression 

In  a plasma, t h e  

w = p -  E demonstrates t h a t  this veloci ty  depends on the  mobili ty p of t h e  ion P 

i n  question, on t h e  e l e c t r i c  f i e l d  E, and on the pressure P. 

Thus, it i s  obvious that P must be increased i n  order t o  decrease W. Con- 

sequently, t o  obtain the  peak of fluorescence, it became necessary t o  increase 

t h e  pressure above the  optimum pressure, i n  cases of exci ta t ion of t h e  t a rge t  

by r e l a t ive ly  ic tense  sources of  f / Z r  and o f  Poaro. 

It should a l so  be mentioned t h a t  an increase ir, pressure, within t h e  range 
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I .  

of 0 t o  1 a t m ,  w i l l  increase the  reconbination coef f ic ien t  Q! (Bibl.50). Thus, 

from 150 t o  450 mm Hg, t he  coeff ic ient  (Y of the  a i r  w i l l  chmge from 1.1 x 18 

t o  2 x 18. 

IV.2 Deformation of t h e  Electric Field 

W e  were in te res ted  t o  determine whether t h e  perturbation produced i n  the  

p r i rx ipa l  e l e c t r i c  f i e l d  E1 by t h e  aperture zone of t he  auxiliary volume, may 

be responsible f o r  a f la t ten ing  of the  peak, leading t o  a deter iorat ion i n  the  

sigcal-to-noise ra t io .  

significance with respect t o  the  results given below. 

However, it seem tha t  t h i s  phenomenon i s  of minor 

IV.2.1 Almirdzed Nylar 

The idea  of s epa ra t ing the  volumes of the  counter byxylar, as described 

i n  Section IV.1, has been picked up again, using aluminized Mylar of less thick- 

ness. The results f o r  t h e  K a  peak of aluminum were as follows: 

Peak 35 c/sec 

back g r o w  d 8 c/sec 

r 4.4. 

Thus, t h e  r a t i o  r has become more favorable, by changing from 3.9 t o  4.4. 

/88 N.2.2 Grid 

An attempt a t  an e l ec t r i c  separation of t h e  two volumes by a m e t a l  grid,  

carrying t h e  exci ta t ion source, d id  not give emouraging results. 

comected t o  ground, the  r a t i o  r does not exceed 2.5 and increases t o  3.2 when 

bringing the  g r id  t o  a potefitial of +80 V. 

With the  gr id  
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I n  t h e  strongly i r rad ia ted  zoEe, close t o  the  source, t h e  high ion density 

arid t h e  weak e l ec t r i c  f i e l d  favor a~-I intense ion recombination. The rate of 

recombination 

negative ions 

- dn i s  a functior, of the  density $f+ and M- of t h e  posi t ive m d  
d t  

3 per  m , having t h e  form 

dn 

d t  
-I  - * .  M i .  r I 

where CY i s  the  recon.bication coefficient of t he  gas which, ir! turn,  i s  a func- 

t i o n  of t h e  type of gas, t h e  e l e c t r i c  f i e ld ,  and t h e  pressure (Section IV.l.3). 

IV.3.1 Incomplete Detectior: of the  Fluorescence Quantum 

For t h e  photoelectrons produced by fluorescence i n  t h e  v i c in i ty  of the  

ta rge t ,  there  i s  a recombination probabili ty with t h e  exis t ing population of 

pos i t ive  ions. 

produced by t h e  quantum hw, so  that the detected spectrum w i l l  contain a t a i l  

a t  low energy. 

This phenomenon w i l l  prevent complete detection of t he  electrons 

This ef fec t  can be coucteracted by lowering t h e  coefficient cy over an in- 

crease i n  t h e  e l e c t r i c  f i e l d  Ea o r  by lowering the  pressure. 

t y  i s  t o  diminish the  distance d that limits t h e  recombination zone. 

shows that t h e  decrease i n  d will l e a d  t o  an increase i n  t h e  peaking ratio.  

Another possibi l i -  

Figure 12 

IV.3.2 Gas Sc in t i l l a t i on  

G a s  s c i n t i l l a t i o c  can be induced by radiat ive and dissociat ive recombina- 

t i on  o f  t h e  ions produced i n  t h e  detection gas. 

give an intense contirxous spectrum i n  t he  u l t r av io l e t  region. 

t i o n  band, f o r  t h e  case of xenon, i s  located between 3000 and 5000 1 (Bib1.52). 

Such a s c i n t i l l a t i o n  would 

This radia- /89 



Stacking pheriomena would have t o  be expected here, s ince the duration of the 

1mLnescence i s  extremely short. L.Koch (Bibl. 54) ob taked  pulses wi th  pure 

xenim- whose width a t  midheight was 3.3 x lo-’ sec at  a pressure of 740 mm Hg. 

With t h e  gas mixtures used here, t he  s c i n t i l l a t i o n  w Z l  be grea t ly  attenu- 

a ted  by t h e  presence of polyatomic gases such a s  methane. 

that small amounts of oxygen, carbon monoxide, carbon dioxide, ammonia, methane, 

arid various organic vapors would be suff ic ient  t o  suppress t h e  luminescence of 

t h e  r a r e  gas. 

It is w e l l  knom 

CONCLUSIONS 

After exci ta t ion of the specimen by a radioactive source, t h e  generated 

fluorescence i s  detected by a gas-fi l led proportional counter and then analyzed 

by spectrometry of the  pulse amplitude. A special  proportional counter was 

constructed, permitting the  fluorescence emitted by the  t a rge t  t o  penetrate  

i c t o  the detection volume without traversing a window. 

t i o n a l  detectors  strongly absorbs t h e  s o f t  o r  u l t r a s o f t  X-rays but also elimi- 

nates  t h e  electrons t ravel ing toward the detector. Therefore, it was necessary 

t o  provide an auxi l ia ry  e l e c t r i c  f i e l d ,  t o  be used as a stopping medium f o r  t h e  

electrons sca t te red  toward t h e  detection volume. T h i s  system has t he  advantage 

of adjust ing t h e  absorption volume t o  the  range of t h e  Auger electrons and thus 

t o  permit opthum transmission of t h e  fluorescence photons f r o m  t h e  t a r g e t  t o  

the  detection volume. 

The window of conven- 

An optimum f i l l i n g  pressure o f  the detector i s  defined i n  accordance with 

the  geometry of t he  device, the nature of the  gas, ar.d t h e  respective energies 

of t he  X-ray radiat ion of exci ta t ion and fluorescence. T h i s  optimum pressure 

corresponds t o  a maximum efficiency of t h e  detector,  f o r  a given X-ray energy 
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and thus plays a se lec t ive  ro l e  with respect t o  o ther  energies. 

For circulatiori  operation of t he  detector, t h e  pr inc ip le  of peak s t a b U z a -  

tior, is presented. 

We a l so  gave t h e  main charac te r i s t ics  of X-ray fluorescence excitatiori for 

I n  this investigation, t h e  exci ta t ion of X-rays, @-radiation, and a-radiation. 

t he  ta rge t  w a s  obtained e i the r  by X-ray radiat ion (Fe'j' and I-?/Zr sources) o r  

by a-radiation (Po"'" 1. Some results obtained f o r  the  detection of X-Ka rays 

of elements a r e  given, ranging from chlorine t o  carbon. 

It must be taken i n t o  consideration that, in these experiments, t he  ,@ 

sources which are not comparable i n  ac t iv i ty ,  nature of emission, and geometry, 

w i l l  natura l ly  determine d i f fe ren t  parameters 

The optbum exci ta t ion and detection pa rme te r s  were defined or3y for t he  

FeSs source. 

However, a qua l i ta t ive  comparison f o r  these experiments i s  readi ly  pos- 

sible .  

The X-ray spectrum, emitted by a ? / Z r  source, i s  highly su i tab le  f o r  t he  

exci ta t ion of elements of t h e  t h i r d  period; however, t h e  l i be ra t ion  of t r i t i u m  

from such sources const i tutes  a major obstacle t o  t h e i r  use. 

The Fes5, a t  sa t i s fac tory  yield,  excites t h e  last  elements of t he  t h i r d  

period and can also be used f o r  t h e  f i r s t  elements; however, s t a r t i n g  f r o m  

aluminum and magnesium, preference should be given t o  cy-sources which are t h e  

only ones useful  f o r  elements of t h e  second period. 

Consequently, an exci ta t ion of l i gh t  elmLents by cy-sources, using t h e  

described detection system, made i t  possible t o  obtain fluorescence spectra  of 

l o w  energy which, u n t i l  now, could only be demonstrated by m e a n s  of complex 

instruments such as the  Castaing microprobe (Bibl.20) o r  by t h e  use of X-ray 
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t ~ b e s  ~f s~)e.cid C1,esig~ (Bib1 ,21) .  

The advantages obtained f r o m  t h e  poss ib i l i ty  of analyzing elements of t he  

second period are obvious when taking in to  consideration that all organic ma- 

terials contain carbon and, i n  numerous cases, large amounts of nitrogen axid 

oxygen . 
The described process, in a sui tably adapted version, could be used f o r  

dosifig and control l ing l i g h t  elements contained i n  indus t r i a l  products. 
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